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Onsoz

Bu kitap, 2025-2026 6gretim yilinda Bilkent Universitesi Endiistri Miihen-
disligi Boliimii tarafindan gerceklestirilen Universite-Sanayi Isbirligi Bi-
tirme Projeleri ozetlerini kapsamaktadir. Programimiz 32 yil once sistem
tasarimi derslerinin sanayi projelerine doniigtiiriilmesi ile baglamigtir. Bu
siire igerisinde, farkl sektor ve olgekte faaliyet gosteren 145 ig, sanayi, ve
kar amaci glitmeyen kurulusla toplam 599 proje gergeklestirilmistir.

Endiistri Miithendisligi Boliimii dordiincii sinif ogrencilerinden olusan
proje ekipleri, akademik ve ig diinyasindan danigmanlarin gozetiminde ku-
rumlarin giindemine girmis olan ve ¢éziim bekleyen gercek problemlerini
¢ozmektedirler. Yapilan projeler sonucunda ortaya cikan iiriin, yontem veya
hizmet, ilgili kurumlara onemli yarar ve katma deger saglamaktadir.

Endistri Miuhendisligi Proje Fuar: ve Yarismasi, 2003 yilinda yapilan
projelerin ilgili tiim firma, kurulus ve tiniversitelerle paylasilmasi, ig diinya-
sinin seckin kuruluslarinin birbirleriyle ve {tiniversite ile olan etkilegimi-
nin artirilmasi ve ogrencilerimizin ig hayatina daha donanimh hazirlan-
masini saglamak amaciyla baglatilmigtir. Her yil sistematik ve etkin bir
sekilde yapilan bu caligmalarin daha kalici ve yaygin olarak paylasilmasi
amaciyla da “Endiistri Projeleri” kitabi serisi hazirlanmig ve bu donemde
gerceklestirilen projeler gizlilik ilkesine bagh kalinarak ¢zet halinde sizlere
sunulmustur.

Kitapta yer alan proje o6zetlerinin dogru ve okunakli olmasi icin destek-
lerini esirgemeyen Degerlendirme Kurulu'muza, fuar ve yarigma jiirimizde
gorev alan Dr. Alptekin Demiray (ORS), Dr. Bora Dilik (Nevzat Ecza),
Mehmet Mustafa Tanrikulu (Memuta Siit), Hande Dilek Yigitel (Aselsan)
ve Prof. Dr. Ulkii Giirler’e (Bilkent Universitesi) tesekkiir ederiz.

Prof. Dr. Savag Dayanik
Dog¢. Dr. Emre Nadar
Dr. Emre Uzun

Bilkent Universitesi Endiistri Miihendisligi Boliimii
Sistem Tasarimi Dersi Koordinatorleri
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Preface

This booklet contains 2025-2026 academic year University-Industry Col-
laboration Student Project summaries done by the senior students of the
Industrial Engineering Department at Bilkent University in collaboration
with industrial companies, businesses, and non-profit organizations. This
program started when senior design courses were reorganized as industrial
projects 32 years ago. Since then, 599 projects have been completed, with
145 companies operating in various sectors.

Senior student groups of the Industrial Engineering Department solve
companies’ real problems under the guidance of academic and industrial
advisors. The project outcomes provide companies with many operational
benefits and add value to their services and products.

Since 2003 Industrial Engineering Project Fair and Competition has been
held to disseminate the project outcomes to firms and universities, boost
the synergy, encourage collaboration between industry and university, and
help senior students get better equipped before they take full industrial
positions. Every year the project summaries are edited in a project booklet
with care given not to disclose firm-specific sensitive information and shared
with the community to spread the word and impact of projects.

We thank the Review Committee for their efforts that improved the
correctness and readability of project summaries in the book. We also
thank Dr. Alptekin Demiray (ORS), Dr. Bora Dilik (Nevzat Ecza), Mehmet
Mustafa Tanrikulu (Memuta Siit), Hande Dilek Yigitel (Aselsan), and Prof.
Dr. Ulkii Giirler (Bilkent University) for serving on the project competition
jury this year.

Prof. Dr. Savag Dayanik
Assoc. Prof. Emre Nadar
Dr. Emre Uzun

Bilkent University Industrial Engineering Department
Systems Design Course Coordinators
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Bugiine kadar 6grenci projelerimize destek veren kuruluslar

Companies participated in the student projects so far
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Diizenleme kurulu, 2025-2026 programina degerli katkilar1 igin
asagida adi gecen Bilkent Universitesi mensuplarina tesekkiir eder.

The organizing committee thanks Bilkent University members named below
for their invaluable help to run 2025-2026 program.
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Yesim Giilseren
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Industrial Engineering Dept. Administrative Assistant
Vegiin Ekmekgi

Arastirma, Planlama ve Koordinasyon Birimi
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Sinan Atalar
Nuray Giivenir
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Mali Isler Miidiirliigii
Financial Affairs Office
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Omer Faruk Can
Arda Kaya
Serdar Ser
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Diizenleme kurulu, 2025-2026 programina sagladiklari igbirligi icin
asagida yer alan is diinyasinin degerli mensuplarina tesekkiir eder.

The organizing committee thanks the esteemed company representatives lis-
ted below for their cooperation to run 2025-2026 program.
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Bolim Baskani’ndan

Bilkent Universitesi Endiistri Mithendisligi Boliimi, 6grencilerinin teknolo-
jik ve sosyal degisikliklere uyum saglayan, yagsam boyu ogrenen ve sorgu-
layan iyi endiistri miihendisleri olarak mezun olmalarim1i amaclamaktadir.
Karmasgik sistemlere ve problemlere biitiin olarak bakabilme ve analitik
diiginebilme, egitim programinin 6onemli amaglarindandir. Bolium, 2007 yi-
linda Accreditation Board for Engineering and Technology (ABET) adh
bagimsiz kurulug tarafindan egitim kalitesini belgeleyen tam akreditasyonu
Thirkiye’de ilk alan miihendislik boltimidiir.

Egitimde diinya capinda kalite standartlarini kullanan Endiistri Miithen-
disligi Boliimii, iilkemizde ornek gosterilen Universz’te—Sanayi Isbirligi Prog-
rame'n1 32 yildir bagariyla uygulamaktadir. Programin hedefi mezuniyet aga-
masindaki ogrencilere kapsamli mesleki deneyim kazandirmaktir. Alti-yedi
kigilik proje ekipleri, akademik ve endiistriyel danigmanlarin gézetiminde
firmalarin ¢oziim bekleyen gercek problemlerini ¢ozmektedirler.

Bu vil, 24. Endustri Mihendisligi Proje Fuar: ve Yarismasinda 21 proje
bulunmaktadir. Fuarda 6grencilerimiz, y1l boyunca projeleri iizerinde yap-
tiklar1 ¢aligmalarini sunmaktadirlar. Onlar1 6zverili galigmalar: igin kutlu-
yor, programa biiyiik katkilar1 olan firma yetkililerine ve danigmanlarimiza
tegekkiir ediyorum.

Biitiin stire¢ boyunca yogun ve 6zverili ¢alismalariyla programin hedef-
lerine ulagmasi i¢in biiytlik ¢aba gosteren program koordinatorleri Prof. Dr.
Savag Dayanik, Dog. Dr. Emre Nadar, ve Dr. Emre Uzun’a, Universite-
Sanayi Isbirligi Ogrenci Projeleri Koordinatorii'miiz Yesim Giilseren’e, asis-
tanlarimiz, Ash Baytar, Semra Selin Eraslan, Fatih Selim Erdem, Ece Kus-
demir ve emegi gecen herkese cok tegekkiir ediyorum.

Prof. Dr. Bahar Yetis Kara
Endiistri Miithendisligi Boliim Bagkani
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Chairperson’s Message

Bilkent University Industrial Engineering Department strives for its stu-
dents to grasp changes in technology and society and be lifelong learners
and inquirers. One of the department’s educational goals is that our stu-
dents hold a holistic view of systems and problems backed up with analytical
thinking. The department is the first engineering department in Turkey, the
quality of whose education program was fully accredited by the Accredita-
tion Board for Engineering and Technology (ABET) back in 2007.

For 32 years, the Industrial Engineering Department has been success-
fully running its exemplary University-Industry Collaboration Program. The
program’s objective is to have the department’s senior students gain full-
fledged industrial experience before getting full industrial positions. Six-
to-seven member student groups attack real open problems of companies
under the supervision of academic and industrial advisors.

Twenty-one projects are present at the 24/th Industrial Engineering Proj-
ect Fair and Competition. At the fair, student groups present their year-long
work and the outcomes of their projects. I congratulate them for their tire-
less and heart-whole hard work. I also thank the company representatives
and academic and industrial advisors for their support and collaboration.

Finally, I thank course coordinators Prof. Dr. Savag Dayanik, Assoc.
Prof. Emre Nadar, and Dr. Emre Uzun, University-Industry Collabora-
tion Student Projects Coordinator Yesim Giilseren, graduate assistants Ash
Baytar, Semra Selin Eraslan, Fatih Selim Erdem, Ece Kusdemir for their
relentless efforts to ensure that the program succeeds.

Prof. Dr. Bahar Yetis Kara
Industrial Engineering Department Chairperson
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Tesekkur Mektuplari

Appreciation Letters

A101

A101 olarak, Tiirkiye'nin doért bir yanindaki genig magaza agimiza
iirtinlerimizi ulagtirirken operasyonel verimliligi ve dijitallesmeyi
odagimizda tutuyoruz. Operasyonel siireclerimizdeki hizi artirmak
ve kaynaklarimizi daha etkin kullanmak adina Bilkent Universitesi
Endiistri Mithendisligi Bolumi ile kiymetli bir ig birligine imza attik.

Bu kapsamda, bitirme projesi o6grencileri ve degerli danigman ho-
calarimizla birlikte depolarimizdaki tiriin yerlesimini optimize eden
bir caligma gercgeklegtirdik. Geligtirilen stratejik yerlesim plani saye-
sinde, operatorlerimizin depo icindeki yiirtime mesafelerini minimize
ederken, ortalama koli toplama sayilarimizda dikkate deger bir artig
sagladik.

Geng mithendis adaylarimizin teorik bilgilerini gergek saha veri-
leriyle birlestirerek sunduklar1 bu ¢oziim, operasyonel gevikligimize
biiylik katki sagladi. Bizlere sunduklari yeni perspektifler ve ti-
tiz caligmalar1 icin Bilkent Universitesi Endiistri Miihendisligi
Bolimii'ne, kiymetli hocalarimiza ve projede emegi gegen tiim ogrenci
arkadaglarimiza tegekkiir ederiz.

Ismail Gokhan Kaya
Depo Operasyonlari ve Projeler Miidiirii

)

EMEKLILIK
GOZETIM
MERKEZI

Emeklilik Gozetim Merkezi A.S. (EGM), 4632 sayili Kanun
uyarinca, Hazine ve Maliye Bakanligi'min gorevlendirme ve yetki-
lendirmesi gergevesinde 10 Temmuz 2003 tarihinde kurulmustur.
EGM'nin kanunla belirtilen amaclari, 6zel emeklilik sisteminin giivenli
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ve etkin bigimde iglemesini saglamak, katilimcilarin hak ve menfaatle-
rini korumaktir. Bu dogrultuda emeklilik sirketleri, fon yoneticileri ve
aracilar tizerindeki gozetime konu altyapiyr saglamakta, Sigortacilik
ve Ozel Emeklilik Diizenleme ve Denetleme Kurumu (SEDDK) ve
Sermaye Piyasasi Kurulu (SPK) bagta olmak tizere ilgili otoritelerle
yakin bir sekilde caligmaktadir. Ayni1 zamanda 6zel emeklilik sistemi-
nin performansini artirmaya yonelik oneriler tizerinde ¢aligmakta ve
bu onerileri yetkili otoritelere sunmaktadir.

EGM catis1 altinda faaliyet gosteren Dijital Uriin Yénetimi, Stra-
teji, Sistem Geligtirme ve AR-GE ekibi; EGM nin dijital doniigiimiine
yon veren, kullanici odakli ve veri temelli ¢oziimler gelistiren biri-
midir. Bu birim, 6zel emeklilik sisteminde katilimcilarin ihtiyaclarini
analiz ederek yenilikci ¢oziimler sunar. Ayni zamanda sistem perfor-
mansini artirmaya yonelik otomasyon projeleri geligtirir, regiilasyon-
lara uyumlu siirecler olugturur ve kiiresel egilimleri takip ederek sis-
tem iyilestirme Onerileri hazirlar. Ekip, kurumun dijital vizyonunu
destekleyen stratejik kararlarin alinmasinda da aktif rol oynar. EGM
olarak iiniversitelerde iiretilen bilimsel bilginin, 6zel emeklilik siste-
minin gelisimine katk: saglayacak sekilde sektore aktarilmasimin hem
katilimc1 memnuniyetinin artirilmasina hem de sistemin siirdiiriile-
bilirligi acgisindan kritik bir oneme sahip oldugunun farkindayiz. Bu
onemin farkinda olarak Emeklilik Gozetim Merkezi'nde tiniversiteler
ile ig birligi siireclerini igletip bu siirecleri yakindan takip ediyoruz.
Bu sayede bilimsel yaklagimin ve ¢cok paydash ig birliklerinin getirdigi
degerin altim bu ¢alismalarla gliglendirdigimize inaniyoruz.

Bilkent Universitesi Endiistri Mithendisligi Sanayi Is Birligi Pro-
jeleri kapsaminda bu yil iki adet projeyi miihendis aday1 o6grenciler ile
tamamladik. “Illikit Menkul Kiymetleri Getiri Egrisi ile Degerleme
Modeli” projesi kapsaminda, likit olmayan sabit getirili menkul
kiymetlerin degerleme yontemlerindeki tutarsizliklarin giderilmesi
amaciyla Nelson-Siegel-Svensson (NSS) modeli geligtirilmistir. Bu sa-
yede, tiim menkul kiymetlerin ortak bir yontemle degerlenmesi, mak-
simum getirinin elde edilmesi ve adaletsiz servet transferinin onlen-
mesi hedeflenmektedir. “Bireysel Emeklilik Sisteminde Devlet Katkisi
Sistem Eniyilemesi” projesi kapsaminda ise negatif reel getiri tireten
ve performans farkliliklar1 nedeniyle katilimcilar arasinda esitsizlige
neden olan Devlet katkisi fonlar1 incelenmis ve geg¢mis piyasa veri-
leri cercevesinde getiriyi maksimize eden, portfoy yapilarinin ana-
lizine imkan veren bir Oneri modeli geligtirilmistir. Devlet katkist
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fonlarinin portfoy sinirlamasina iligkin kisitlamalarin degistirilmesine
katki saglayacak bu ¢aligma, sistemin iyilestirilmesine yonelik oneri-
lere 6nemli bir ornek tegkil etmektedir.

Bilkent Universitesi Endiistri Mithendisligi Sanayi Is Birligi Pro-
jeleri kapsaminda miihendis aday1 6grencilerle birlikte gercek sektor
ihtiyaclarini kargilamaya yonelik somut ciktilar iiretmenin yan sira,
ogrencilerin mesleki gelisimlerine dogrudan katk: saglamak amaciyla
yuruttigimiiz bu ¢aligmalar, Bilkent Universitesi Endiistri Miihen-
disligi Boliimii ile paylagtigimiz ortak vizyonun gii¢lii bir yansimasidir.
Proje stirecinde 6grencilerin sergiledigi kararlilik ve gayret, akademis-
yenlerin rehberligiyle birleserek yiiksek katma degerli sonuclarin elde
edilmesini saglamistir. Bu stirecte ortaya ¢ikan sinerjiye katki sunan
basta Projeler Koordinatorliigii olmak tizere tiim akademik kadroya
ve projelerde gorev alan tiim ogrencilere i¢ten tesekkiirlerimizi sunar;
merak ve ogrenme isteklerinin daima canlh kalmasini, bagarilarinin ise
yagsamlar: boyunca artarak devam etmesini dileriz.

Mustafa Akmaz
Genel Mudur

& Hovet

Hayat Finans, Tiirkiye'nin tamami Tiirk sermayeli ilk dijital ban-
kasi olarak, giiclii teknolojik altyapisi ve kesintisiz hizmet anlayisiyla
bireysel ve ticari bankaciliktan yatirima kadar genis bir yelpazede 2023
yilindan bu yana yenilik¢i finansal ¢coztimler sunmaktadir. Giivenilir,
hizli ve miisteri odakli yaklagimiyla dijital bankacilik deneyimini ye-
niden tanimlayan Hayat Finans, siirekli gelisen teknolojiyi merkeze
alarak kullanicilarina hayatin iginde benzersiz bir finansal deneyim
saglamay1 hedeflemektedir.

Hayat Finans olarak, subesiz dijital bankacilik stireclerinde oto-
matik karar alma mekanizmalarimizi destekleyen finansal modelleri-
mizi veri odakl yapmak bizim i¢in kritik bir énem tagimaktadir. Bu
baglamda yaptigimiz proje, Bilkent Universitesi tedrisatinda yetismis,
her biri bulundugu yere katma deger saglamak konusunda yiiksek
iimit vadeden arkadaglarimizin analitik bakig acilarimi gercek hayat
problemleri ile bulugtururken ayni zamanda bizim i¢in de farkh pers-
pektifler kazanma imkani sunmustur.

Bankacilik diinyasinin en temel problemlerinden olan miisterilerin
gelirlerini tahmin etmek iizerine akademik yaklagimla yeni bir model
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hazirladigimiz bu proje, Bankamiza; miisteri segmentasyonu, dogru
pazarlama faaliyetleri ve miisteriye isabetli tutarlarda kredi limiti he-
saplamak gibi direkt ve somut katkilar saglayacaktir.

Stire¢ boyunca bilgi ve deneyimleriyle projeye yon veren danigman
hocamiz Saym Prof. Dr. Savag Dayanik’a ve organizasyondaki
katkilar1 icin USI Mezuniyet Projeleri Koordinatorii Saym Yesim
Giilseren Hanim’a icten tegekkiirlerimizi sunariz.

Bu kiymetli ig birliginde emegi gecen tiim ogrencilere ve Bilkent
Universitesi'ne katkilar icin tesekkiir eder gelecekte de benzer proje-
lerde yeniden bir araya gelmeyi temenni ederiz.

Ozer Baran
Genel Mudir (V)

HAREL

Haberlesme ve savunma teknolojileri bagta olmak tizere elektro-
nik iiretim ve sistem entegrasyonu alanlarinda faaliyet gosteren Ka-
rel Elektronik, yenilikci tiretim anlayisi ve giiclii Ar-Ge altyapisi ile
sektoriinde onemli bir konuma sahiptir. Geligmis tiretim tesisleri, nite-
likli insan kaynag1 ve teknoloji odakli yaklagimi ile Karel, hem ulusal
hem de uluslararas1 pazarlarda rekabetci ¢coziimler sunmaktadir.

Sanayi ile akademi arasindaki ig birligi, teknolojik gelisimin
siirdiiriilebilirligi ve yenilik¢i ¢oziimlerin hayata gecirilmesi agisindan
biiyiik onem tasimaktadir. Bu dogrultuda yiritiilen {tiniversite-
sanayi ig birlikleri kapsaminda gercgeklestirilen lisans bitirme projeleri,
gercek tiretim problemlerine ¢oziim gelistirilmesine katki saglamakta
ve miihendis adaylarinin pratik deneyim kazanmalarina olanak
tanimaktadir.

Bilkent Universitesi Endiistri Miihendisligi Boliimi ogrencileri ta-
rafindan yiriitillen ve Karel Elektronik’in PCB iiretim siireclerine
yonelik geligtirilen “Baskili Devre Kart1 Uretim Cizelgelemesi” pro-
jesi, Uretim planlama ve cizelgeleme siireclerinin daha verimli, veri
odakli ve sistematik bir sekilde yonetilmesine katki saglayacak nite-
likte degerli ¢iktilar ortaya koymustur.

Proje kapsaminda geligtirilen karar destek sistemi ile tiretim
ortaminin karmagik yapisi dikkate alinarak makine atamalari, is
siralamalar1 ve yeniden planlama siirecleri i¢in uygulanabilir ve etkin
¢oziimler sunulmustur. Elde edilen sonuclarin, iiretim performansinin
artirilmasi ve teslimat giivenilirliginin iyilegtirilmesi agisindan 6nemli
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katkilar saglayacagi degerlendirilmektedir.

Bu degerli ¢alismanin gerceklestirilmesinde emegi gecen Bilkent
Universitesi Rektorliigii'ne, Miithendislik Fakiiltesi yonetici ve akade-
misyenlerine, ozellikle proje siirecine akademik katkilariyla yon ve-
ren danigman hocamiza, proje ekibinde yer alan kiymetli miihendis
adaylarina ve siire¢ boyunca destek saglayan tiim paydaslara tesekkiir
ederiz.

Universite-sanayi is birliginin giiclenerek devam etmesini temenni
ediyor, bu tir projelerin hem akademik hem de endiistriyel agidan
yiiksek katma deger yaratmaya devam edecegine inaniyoruz.

Arda Bas

Askeri Sistemler Proje Yoneticisi

Limak Cimento

n@w

Limak Holding igtiraki olarak, 2000 yilindan bu yana ¢imento
sektortinde faaliyet gostermekteyiz. 11 ¢imento fabrikamiz, 30’dan
fazla hazir beton tesisimiz ve 2000’den fazla c¢aliganimiz ile
sektordeki varligimizi giiglendiriyor; giiclii dekarbonizasyon yol hari-
tamiz dogrultusunda, “Mevcut En Iyi Teknikler”i benimseyerek, ileri
teknolojiler ve sektordeki oncii adimlarimizla ilerlemeye devam ediyo-
ruz. Yiksek hacimli iiretim ve lojistik operasyonlarimiz kapsaminda
siire¢ verimliligini artirmak, operasyonel hatalart minimize etmek ve
siirdiirtilebilir ¢oztimler geligtirmek oncelikli hedeflerimiz arasinda yer
almaktadir.

Bu dogrultuda, Bilkent Universitesi ile yiiriitiillen Sanayi Odakh
Bitirme Projeleri kapsaminda gergeklestirilen “Kantar Optimizas-
yonu” caligmasi, ig siireclerimizin analiz edilmesi ve gelistirilmesine
onemli katkilar saglamigtir. Proje kapsaminda gergeklegtirilen ana-
lizler ve geligtirilen simiilasyon modeli sayesinde mevcut sistemdeki
darbogazlar net bir gekilde ortaya konmusg; manuel veri giriginden
kaynaklanan hatalar, operasyon siireleri ve siire¢ verimsizlikleri de-
tayl olarak incelenmistir. Onerilen QR tabanl veri aktarimi, otoma-
tik belge tiretimi ve fiziksel iyilestirmeler gibi ¢oziimler, operasyonel
performansimizin artirilmasi adina degerli ¢iktilar sunmusgtur. Bu is
birligi sayesinde, hem sirketimiz gercek operasyonel problemlerine ye-
nilik¢i ve uygulanabilir ¢oziimler geligtirme firsat1 bulmug, hem de
miihendis adaylarimiz gercek saha deneyimi kazanarak ig hayatina
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hazirlik stirecinde 6énemli bir adim atmistir. Akademik bilgi ile sanayi
tecriibesinin bir araya gelmesiyle ortaya ¢ikan bu sinerjinin, gelecekte
yapilacak caligmalar i¢in de yol gosterici olacagina inaniyoruz.

Bu degerli calisma siirecinde katki saglayan Bilkent Universi-
tesi Rektorligiine, Miithendislik Fakiiltesi akademisyenlerine, proje
danmigmanlarimiza ve emegi gecen tim ogrenci arkadaglarimiza
tesekkiir eder; tiniversite-sanayi ig birliginin artarak devam etmesini
temenni ederiz.

Z. Ayca Kiigiikoglu
Grup Lojistik Miidiirii

mawvi

1991 yilinda Istanbul’da kurulan Mavi, 34 yilhk denim uz-
manhgindan aldigi giicle bugiin global bir lifestyle markasi konu-
munda. 2017’de halka acilan sirket, Tiirkiye, ABD, Kanada, Almanya
ve Rusya’nin aralarinda bulundugu 34 tlkede, 498’i Mavi shop olmak
tizere 4.000 noktada perakende, toptan ve online kanallar araciligiyla
miisterileriyle buluguyor.

Mavi, All Blue stratejisi cercevesinde, siirdiiriilebilirligi sirket
kiiltiiriine, vizyonuna, iirtinlerine ve biiyiime hedeflerine entegre et-
meye devam ediyor. TIME ve Statista, 2026 yilinin baginda, Mavi’'nin
sirdirtlebilir bliytimede diinyanin en iyi 2., hazir giyimde ise 1.
sirketi oldugunu agikladi. Kalbi denim ile atan ve diinyanin en iyi,
en inovatif jean’lerini gelistirmek icin tutkuyla calisan 5.957 kisilik
global Mavi ekibi de insan, cevre, denim ve toplum odakli bu
degerleri odagina alarak en iyiye ulasma yolculugunda markayi ge-
lecege tagiyor. Mavi olarak, faaliyet gosterdigimiz farkli alanlarda
yarattigimiz katma degeri artirmayi, verimlilik ve siirdiriilebilirlik
odaginda c¢alismalar yiiriitmeyi onceliklendiriyoruz. Bu dogrultuda,
her firsatta siireclerimizi gelistirecek, yenilik¢i ve dijital c¢oziimleri
degerlendirmeye onem veriyoruz. Bu bakig acisiyla hem endiistri hem
de ogrenciler i¢in 6nemli bir deger yaratan Bilkent Universitesi ile
yollarimiz kesisti.

Bilkent  Universitesi ~Endiistri  Miihendisligi ~ Boliimii’'nde
yiriitmekte oldugumuz bitirme projeleri kapsaminda bu yil; lo-
kasyon ve iiriin bazinda kisa donem talep tahmini geligtirilmesine
yonelik veri odakli bir proje gerceklegtirilmigtir. Proje siiresince
ogrenci ekipleri, gercek girket verisi tizerinde caligsarak veri analizi,
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veri temizleme ve diizenleme, 6zellik gikarimi ve farkli tahminleme
modellerinin aragtirilmasi ve uygulanmasi siireclerinde aktif rol
almig; elde ettikleri ¢iktilar1 sistematik ve oOlgeklenebilir bir yapiya
donitigtiirerek farkli magaza ve triin gruplarina uygulanabilir bir
tahmin sistemi ortaya koymuslardir.

Bu projeler araciligiyla akademi ve sektor ig birliginin somut bir
ornegi hayata gecirilmis; ogrenciler gercek ig problemleri ve veri set-
leri tizerinde caligma, veri kaynakli zorluklari deneyimleme ve ana-
litik yetkinliklerini geligtirme firsati bulmustur. Proje ciktilar1 sa-
yesinde mevcut yaklagimlara kiyasla tahminleme dogrulugunda an-
laml iyilesmeler gozlemlenmis; ayni zamanda gelistirilen ¢oziimlerin
siirdiirtilebilir ve genisletilebilir yapisi ile girket i¢i uygulamalara katk:
saglayacak degerli i¢goriler elde edilmistir.

Bu siirecte verdikleri degerli katkilar i¢in basta Endiistri Miihen-
disligi Boliimii olmak tizere, ¢ok kiymetli danigman hocalarimiza ve
projeyi gerceklestiren proje grubunda yer alan ve emegi gecen sevgili
ogrenci arkadaglarimiza icten tegekkiirlerimizi sunariz.

Ensar Emirali
Veri Analitigi Kidemli Midiirii

& scwaAl

SCW.AI olarak tiretim verimliligi, operasyonel miikemmellik ve
optimizasyon alanlarinda teknoloji c¢oziimleri gelistiriyoruz. Uretim
tesislerinden toplanan verileri analiz ederek isletmelerin daha verimli,
daha hizl ve daha dogru kararlar almasini saglayan sistemler sunuyo-
ruz. Veri analitigi, yapay zeka destekli tahminleme, tiretim planlama
ve c¢izelgeleme optimizasyonu gibi alanlarda geligtirdigimiz ¢oziimlerle
tiretim siireclerinin dijital doniigiimiine katki sagliyoruz. Amacimiz,
iiretim sahasindaki operasyonlari daha goriintir, olciilebilir ve opti-
mize edilebilir hale getirerek sirketlerin rekabet gilictinii artirmak.

Sanayi ve akademi is birliginin, gelecegin iiretim sistemlerini
geligtirmede kritik bir rol oynadigina inaniyoruz. Her sene Bilkent
Universitesi Endiistri Mithendisligi Boliimii son smif dgrencileriyle
gerceklestirdigimiz bitirme projeleri, bizim i¢in yalnizca akademik
calisma degil; bilgi paylagiminin, ortak iiretimin ve yenilik¢i bakis
acilarmin degerli 6rnekleri olmuslardir. Ogrencilerin teorik bilgilerini
gercek iiretim problemlerine uygulamasi ve ¢oziim iiretme siireglerinde
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gosterdikleri analitik yaklagim, iiniversite-sanayi ig birliklerinin ne ka-
dar onemli oldugunu ortaya koymaktadir. Bu tiir ortak caligmalar,
gen¢ mithendis adaylarinin sektore hazirlanmasina katki saglarken,
bizlere de yeni bakis acilar1 ve yenilik¢i fikirler kazandiriyor. Ge-
lecegin tiretim teknolojilerini sekillendirecek geng yeteneklerle birlikte
galigmak bizim i¢in son derece kiymetli.

Her yil benzer projeler araciligiyla iiniversiteler ve 6grencilerle
bir araya gelmekten biiyiik memnuniyet duyuyoruz. Gelecegin fire-
tim dinyasin birlikte gekillendirmeye devam edecegimize inaniyoruz.
Emek veren tiim oOgrencilerimize ve degerli akademisyenlerimize
tesekkiir ederiz.

Haluk Ath
Ar-Ge Direktoru

teklifimgelsin

2020 yihinda kurulan TeklifimGelsin, kullanicilarin finansal
siireclerini yonetebildigi, ihtiyaclarina uygun teklifleri karsilagtirip
bagvurularini  tek bir yerden kolayca tamamlayabildikleri bir
kisisellegtirilmis finansal platformdur. Finansal siirecleri herkes icin
ulagilabilir, geffaf ve hizli hale getirme vizyonuyla hareket eden
sirketimiz, bugiin iki milyondan fazla kullaniciya hizmet vermekte-
dir.

Bilkent Universitesi’'nin 6grencilerini hayat boyu 6grenen,
¢oziimleyici ve bagimsiz diisiinebilen bireyler olarak yetistirme viz-
yonu, sirketimizin geng, dinamik yapisiyla ve teknolojik yenilikleri
siirdiiriilebilir ve bilincli sekilde takip etme amaciyla ortak bir ze-
min olugturmaktadir. Bu dogrultuda, ogrencilere, tiniversitemize ve
sirketlere degerli kazanimlar sunan, Endiistri Miithendisligi Boliimii ta-
rafindan yiiriitiillen bitirme projeleri kapsaminda bu yil “Bireysel
Kredilerde Onay Olasiligit Tahminleme Modeli” konulu projemizi ta-
mamladik. Proje stlirecimiz, ogrencilerimizin azimli c¢aligmalar1 ve
Bilkent Universitesinin akademik birikimi ve rehberligi sayesinde
basariyla ilerledi. Bu siire¢ ile ogrencilerimizin mezun olmadan ig
diinyasin1 ve gercek caligma ortamlarini yakindan deneyimlemesine
katk: saglamaktan biiyiik mutluluk duyuyoruz.

Projenin hayata geg¢mesinde emegi gecen ve bu kazanimlarin
edinilmesine imkan saglayan FEndiistri Miihendisligi Boliimii'ne,
saygideger danigman hocalarimiz basta olmak tizere siireg ile ilgilenen
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tiim akademik kadroya ve projelerde emegi gecen 6grenci gruplarina
tesekkiirlerimizi sunariz.

Ogrencilerimizin  mezuniyetini simdiden kutlar, gelecekteki
basarili ¢aligmalarinda ve kariyer yollarinda kendilerini takip
etmekten mutluluk duyariz.

Alper Yenigiin
Urtin Mudiri
Bilkent IE 2021 Mezunu

°
PR \
TURKIYE $BANKASI

1924 yilinda kurucumuzun onderliginde iilkenin kalkindirilmas:
ve ekonomimizin bagimsizligini stirdiirmesi i¢in kurulan Bankamiz,
100 yilin ardindan ikinci ytlizyilinda da bu amag¢ dogrultusunda
calismaktadir. Calganlarn iiye oldugu Is Bankast Munzam Sandik
Vakfi sayesinde Bankamizin en biiyiik ortagi, kendi calisanlaridir.
Degisimin, geligimin, adaptasyonun ve stirdiiriilebilirligin ¢ok 6énemli
oldugu siireclerimizde hem igin sahibi hem de en 6nemli kaynagi olan
calisma arkadaglarimizla “Benim Isim” diyerek fayda yaratmak icin
calismay siirdiiriiyoruz.

Bankamiz, Tirkiye'deki ilk ATM’yi (Bankamatik) 25 Aralik
1987 tarihinde Ankara’da hizmete sunmustur. Yenigehir/Ankara
Subesi'nde kurulan bu cihazla Tiirkiye, 7/24 bankacilik hizmetiyle
tanigmigtir. Bankamiz, “Bankamatik” markasinin tescilli sahibidir ve
bu teknolojiyle Tiirk bankacilik sektoriinde oncii olmustur. Yaygin
Bankamatik ag1 ile ¢zel Bankalar arasinda ilk sirada yer almakta
olup sagladigimiz teknolojik geligtirmelerle kesintisiz hizmet saglama
hedeflerimiz dogrultusunda ilklerin Bankasi olarak caligmalarimizi
siirdiiriiyoruz.

Kaynag1 tiniversitelerde olan bilimsel bilginin sanayinin Tek-
noloji gelistirme caligmalarina aktarilmasinin ¢ok kiymetli oldugu
inaniyoruz. Hedeflerimiz dogrultusunda yeni teknolojileri tiretmek,
iiretilenlere paydag olmanin yani sira optimizasyon ve dijital verimlilik
firsatlarini her daim degerlendiriyoruz. Bu noktada ise yollarimiz hem
endiistri hem de 6grenciler igin buytik katma deger olugturan Bilkent
Universitesi ile kesisti. Bilkent Universitesi Endiistri Miihendisligi
boltimiinde ytiriitmekte oldugumuz bitirme projeleri kapsaminda Ban-
kamatik cihazlarimizin verilerini igleyerek olasi arizalarinin 6ncesinde
tahminleme modelini degerli 6grenci gruplarimiz ve danigman hoca-
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larimizin destekleri ile tamamladik

Proje kapsaminda bir araya geldigimiz, emekleri ile siireclerimize
destek olmus hedeflenen cikt1 ve kazanimlara ulagsmamizda
katklr saglamig oOgrenci arkadaglarimiza, goriisleriyle kiymetli ar-
kadaglarimiza yol gosteren Bilkent Universitesi Akademisyenleri’ne
ve siirecleriyle bizi bir araya getiren Universite- Sanayi Isbirligi
Koordinatorleri'ne ¢ok tegekkiir ederiz.

Selguk Cosgkun
Miigteri Iligkileri Boltimii
IT. Mudiir

TurkTraktor

Tiirkiye'nin iiretim oOnciilerinden TiirkTraktor, endiistriyel ha-
yatina 1954 yilinda baglamig ve bugiin gelinen noktada 125 tilkeye
yaptigl ihracatla iilkemizin 6nemli kuruluglarindan biri olmustur.
Tirk Traktor’in kurumsal yapilanmasini, Kog¢ Holding ve CNH In-
dustrial ortakligi olugturmaktadir.

Tirk Traktor, New Holland ve Case IH marka traktorleri ayni
anda tretebilme yetkinligine sahiptir, 2020 yilindan beri yerli kazici
yiikleyici tiretimine de devam etmektedir.

Uretiminde gostermis oldugu hassasiyeti satiy ve satig son-
rasinda da titizlikle devam ettiren Tiirk Traktor, Tiirkiye genelindeki
bayi ag1 ve servisleriyle cift¢inin giivenilir yoldagi olma misyonunu
pekistirmektedir.

Thiirk Traktor olarak, tiim siireglerimizde verimlilik, stirdiirtilebilir-
lik ve siirekli iyilegtirme bakig acisini onceliklendiriyor; optimizasyon
ve dijitallesme firsatlarin1 yakindan takip ediyoruz. Bu yaklagimimizin
onemli bir parcasi olarak, akademi-sanayi ig birligine biiyiik deger
veriyoruz. Bu kapsamda Bilkent Universitesi Endiistri Miihendisligi
Boliimii ile “Sevkiyat programlari ile uyumlu dagitim planlama karar
destek sistemi” projesi iizerinde c¢aligtik.Gergek ig problemleri iize-
rinden ilerleyen bu projeler sayesinde 6grencilerimiz, teorik bilgilerini
pratikle bulusturma ve is hayatina daha donaniml sekilde hazirlanma
firsat1 yakalarken; bizler de siireglerimize dig bir gozle bakma, geligim
alanlarimizi daha net gorme ve yeni bakis agilar1 kazanma imkan elde
ettik. Ayni zamanda akademik diinyadaki giincel yaklagimlar: takip
ederek, siirekli gelisim kiltiirimiizii daha da giliclendirdik.

Bu degerli ig birligi i¢in Bilkent Universitesi Endiistri Miihendisligi
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Boliimii'ne, kiymetli danigman hocalarimiza ve projelerde emegi gegen
tiim Ogrenci arkadaslarimiza tesekkiir eder; ilerleyen donemlerde de
benzer ig birliklerini siirdiirmeyi dileriz.

Murat Goger
Satig Sonrasi Tedarik Zinciri Depo ve Dagitim Yon.
Uriin Lideri

Diinyanin en biiytik hizli tiikketim tirtinleri sirketlerinden birisi olan
Unilever olarak, Tiirkiye’de 100 yili agkin bir siiredir faaliyet goste-
riyoruz. Giiglii ve amag sahibi markalarimiz ve sorumlu ig yapmanin
istiin ve siirdiiriilebilir performans sagladigina olan inancimizla ope-
rasyonlarimizi siirdiiriiyoruz. Uriinlerimiz 190 {ilkede 4.4 milyon pera-
kende noktasinda her giin 3.4 milyar insana ulagiyor. Diinya tizerinde
280’den fazla, Tirkiye'de ise 2 tiretim fabrikasi ile Turkiyenin en
gozde girketleri arasinda yer aliyoruz. “Stirdiiriilebilir yagami miimkiin
kilmak” ve “Hep birlikte daha iyi bir diinya i¢in” temalarini tim
caligmalarimiza temel aliyoruz.

Unilever ailesi olarak tedarik zincirinde ig giivenligine, her za-
man “Sifir Tolerans” ilkesi ile yaklagip, birlikte ¢aligtigimiz tiim ar-
kadasglarimizin giivenligini, esenligini her gecen giin ileriye tagimak
icin stirekli olarak calisiyoruz. Bu proje kapsaminda fabrikamizda
toz lretim boliimiinde tecriibeye dayali yapilan iiretim planlama-
larinin, bilimsel bir metoda dayali, kullanici dostu bir arayiiz ile
yapilmasini amacladik. Cok kiymetli akademisyenlerimizin, akademik
koordinatoriimiizin destekleri ve yonlendirmeleri ile 6grencilerimiz
firmamiz icin sezgisel metotlara dayanan bir algoritma geligtirdiler
ve son derece karmagik bir problemi modellemeyi bagardilar. Bu mo-
deli kullanic1 dostu bir arayiiz ile tiim ¢alisanlarin kullanabilecegi bir
basitlikte kullanimimiza sundular. Proje vasitasi ile tiretim tamam-
lama stirelerimizi iyilegtirme ve iscilik maliyetlerimizi azaltma firsati
bulduk. Projenin rakamsal ¢iktilar1 yaninda projenin her asamasinda
gerek zaman yonetimi gerek kuvvetli iletigimi ile Bilkent disiplinini
hissettik. Bu disiplinin, bu karmasik projenin sikigik bir takvimde so-
nuca ulagmasinda onemli bir etken oldugunu gozlemledik.

Birlikte gerceklestirdigimiz bu katma degerli projenin Bil-
kent Universitesi'nde bugiin okuyan ve gelecekte okuyacak tiim
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miihendis adaylarina yapacaklar1 calismalarda 6nemli bir literatiir
katkis1 olacagini umuyor, projede emegi gecen tiim akademisyenleri-
mize, koordinatorlerimize ve 6grencilerimize tegekkiir ediyoruz. Tim
ogrencilerimize bundan sonraki ig ve akademik yagamlarinda bagarilar
diler, bir giin aramizda gormekten mutluluk duyariz.

Bilgehan Tamkog
Toz Uretim ve BIH TR Projesi Kidemli Midiirii
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Oguz G. Agun ve Selguk Cogkun Prof. Dr. Savas Dayanik
Insan Kaynaklar1 Departmani ve Endiistri Mihendisligi Bolimu

Bankamatik Birimi

Ozet

Bu projede kritik donanim arizalarini 6nceden tahminleyerek bankama-
tik caligma stirelerini artirmak ve bakim kaynaklarini daha etkili bigimde
yonlendirmek amaclanmigtir. Bu dogrultuda ariza kayitlar: ve iglem verileri
birlegtirilip giinlitk bazli bir veri yapisi olugturulmusg ve yakin gelecekteki
arizalar: tahminlemek icin bir siniflandirma modeli inga edilmistir. Tahmin
giktilarr daha sonra bir eniyileme modeli ile birlestirilerek bir Karar Destek
Sistemi olugturulmustur. Elde edilen sonuglar dogrultusunda Tiirkiye geneli
bankamatik ¢aligma stirelerinin yillik %0,82 artisiyla birlikte milyarlarca li-
ralik potansiyel igslem hacmi olugacag: saptanmigtir. Geligtirilen tahminleyici
bakim sistemi, Tiirkiye Is Bankasi'n1 yapay zeka tabanl bankacilik operas-
yonlarinda Thirkiye’de ve kiiresel 6lgekte sektor onciilerinden biri konumuna
tagimaktadir.

Anahtar Sozciikler: Tahminleyici bakim, Bankamatik ariza tahmini, Ka-
rar destek sistemi, Makine ogrenmesi, Eniyileme
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A Predictive Maintenance System Design for
ATMs

Abstract

This project aims to increase ATM uptimes by forecasting critical hard-
ware failures and directing maintenance resources more effectively. To this
end, error logs and transaction data were integrated into a daily time-series
structure, and a classification model was developed to predict failures in
the near future. The prediction outputs were then integrated with an op-
timization model that selects priority ATMs under capacity constraints to
create a Decision Support System. The results demonstrate a 0.82% annual
increase in ATM uptime across Tirkiye, unlocking a potential transaction
volume of billions of Turkish Liras. The developed predictive maintenance
system positions Tirkiye Is Bankas: as a global pioneer and the domestic
leader in Al-driven banking operations.

Keywords: Predictive maintenance, ATM failure prediction, Decision sup-
port system, Machine learning, Optimization

1.1 Introduction

ATMs are one of the most visible service channels in banking, and even
short periods of unavailability can directly affect customer experience. In a
large ATM network, maintenance decisions therefore matter not only from
a technical perspective but also from an operational one. Delays in inter-
vention may reduce service continuity, while poorly prioritized maintenance
may lead to inefficient use of already limited field resources (Agun, 2025;
Tiirkiye Is Bankasi, 2025).

1.1.1 Problem Definition

In current practice, ATM maintenance operations largely consist of reactive
and preventive interventions. While such an approach can manage failures
after they occur, it is less effective at ensuring service continuity before a
disruption happens. This stems from the fact that maintenance capacity is
limited, while failure risk is distributed across a large ATM network with
varying usage patterns. Consequently, the challenge is not merely identi-
fying potential failures but determining which ATMs should be prioritized
(Agun, 2025; Tiirkiye Is Bankasi, 2025).

1.1.2 Project Objective and Scope

The main objective of the project is to support predictive maintenance
by detecting critical hardware failures before they occur and helping plan-



ners allocate maintenance resources more effectively under operational con-
straints. To achieve this, the project combines a machine learning based
prediction layer with an optimization based decision support layer. The
prediction component estimates whether an ATM is likely to experience a
failure within a future horizon, while the decision support component pri-
oritizes candidate ATMs under maintenance capacity constraints.

The scope of the study includes data processing, prediction model devel-
opment, and an optimization-based decision support system (DSS) design
that brings these components together in an interpretable and usable form
as the main deliverable of the project.

1.2 Company and Process Background

The proposed solution is intended to support the existing operational struc-
ture of Tiirkiye Is Bankasi’s ATM division rather than replace it.

1.2.1 Company Background

Tiirkiye Is Bankasi is one of the leading banking institutions in Turkey and
TRNC, and operates a large nationwide ATM network as part of its retail
banking infrastructure. For the bank, ATMs are not only physical service
points but also an important interface between customers and everyday
banking operations. From an operational perspective, the scale of the ATM
network makes maintenance planning a nontrivial task. Machines are dis-
tributed across many locations with different usage intensities, transaction
profiles, and local operational conditions (Tiirkiye Bankalar Birligi, 2024;
Agun, 2025).

1.2.2 Current Process

Before the development of the proposed system, ATM maintenance deci-
sions were primarily shaped by preventive and reactive interventions, where
failures are typically handled after they occur. The current system may
lead to downtimes exceeding 24 hours.

Not every potentially risky ATM can be inspected proactively. Error
records capture technical events over time, whereas transaction data rep-
resent business activity at a different temporal resolution. Consequently,
although valuable information exists, these raw inputs are difficult to use
directly for maintenance prioritization (Agun, 2025).

1.2.3 Needs Analysis

The analysis of the current system indicated that the primary need was
a decision-oriented structure capable of predicting failures and supporting



maintenance prioritization. In other words, the company required a sys-
tem that could transition from observing disruptions after they occurred
to identifying which ATMs were most likely to require intervention in the
near future. A second need concerned operational usability. Even a strong
prediction model would have limited practical value if its outputs could not
be translated into concrete maintenance actions. For this reason, the com-
pany context called for a system that could not only estimate short-term
failure risk but also help determine which ATMs should be prioritized under
categorical importance and capacity constraints.

1.3 Methodology

This section includes data, method, model, and system design procedures.

1.3.1 Data Collection and Preparation

The primary data sources consist of error logs recorded by ATM hardware
and transaction records aggregated at the location level.

Before any modeling, the raw error logs undergo a cleaning pipeline.
Duplicate records arising from overlapping data exports are removed, con-
secutive identical errors occurring within 60 seconds are merged into a single
event, and short-lived system-level events are filtered out using predefined
duration thresholds.

After cleaning, the system categorizes the remaining logs into four chan-
nels to filter noise and highlight actionable signals. The Target channel
captures critical hardware faults. The Feature channel includes ten leading
indicator signals that tend to precede critical faults. The Context chan-
nel tracks resource-state events. The Supervisor channel records historical
maintenance interventions. The correlations across these channels motivate
the use of a machine learning model to predict Target errors (Rosati et al.,
2025).

To increase prediction performance, two additional channels are de-
rived from the transaction records. Withdrawal and deposit counts are
distributed to daily estimates using calendar-aware weights that reflect real
usage patterns and then log-transformed to stabilize variance, forming the
final six-channel input structure together with the four error-based chan-
nels. These six channels are: Target, Feature, Context, Supervisor, daily
withdrawals, and daily deposits.

To align different data granularities, a Spatio-Temporal Spine framework
is constructed by generating a Cartesian product of all active ATM serial
numbers and all calendar dates in the observation period. The six channel
values are left-joined onto this dense daily grid, with days without recorded
events explicitly filled with zeros rather than left as missing values, allowing
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the model to detect signal density changes and degradation patterns more
effectively than simple event counters.

1.3.2 Analysis and Model Development

Using the spine as input, the problem is formulated as a binary classification
task. A sliding window of 31 days is advanced across each ATM’s timeline
to predict the probability of a critical failure within a seven-day horizon,
ensuring the system focuses on recent operational behavior rather than stale
data.

The feature extraction strategy draws on the observation that convo-
lutional kernels in time-series classifiers such as HYDRA implicitly learn
to detect statistical shape properties—trends, variance shifts, and tempo-
ral concentrations—within fixed-length windows (Dempster et al., 2023).
Rather than learning these kernels end-to-end, the system extracts an equiv-
alent set of shape statistics deterministically, preserving full interpretability
and avoiding any model-fitting step for the representation layer while re-
taining the discriminative power that motivates convolutional approaches.
This is particularly valuable in a banking context, where regulatory and
audit requirements demand that every input to a maintenance decision be
traceable and explainable.

Accordingly, the system extracts a deterministic set of 57 statistical
shape features per window, organized into nine functional groups across six
channels. Rather than treating each channel as a simple event counter, the
feature design captures the shape of each signal over the 31-day window—its
trend direction, variability, recency, and concentration—because two ATMs
with identical error counts can exhibit very different risk profiles depend-
ing on whether those errors are accelerating, clustered near the present, or
spread uniformly. The nine groups include mean activity level, standard
deviation, global linear trend, early- and late-window slopes, Exponentially
Weighted Moving Average, peak-to-mean ratio, Gini Coefficient, and Tem-
poral Centroid. Three additional cross-channel features are used: Inverse
Recency, a Supervisor Reset Effect indicator, and a Lead-Lag Ratio mea-
suring how much Feature-channel activity precedes Target-channel failures.

Among the classifiers evaluated, XGBoost with a 31-day look-back win-
dow produced the best results. Hyperparameter search is conducted using
Randomized-Search-CV with Time Series Split cross-validation to preserve
chronological ordering and prevent data leakage. Class imbalance is handled
through the scale-pos-weight parameter. To ensure that predicted probabil-
ities reflect real failure frequencies, Isotonic Regression calibration is applied
to a temporally held-out calibration set normalized using the training set’s
statistics (Zhang et al., 2016).



The effectiveness of the feature design is validated through SHAP feature
importance analysis of the trained XGBoost model, which confirms that In-
verse Recency and trend-based features are the most significant indicators
of ATM failures. In particular, Inverse Recency captures short-term failure
dependency, where recently failed machines are more likely to fail again,
while trend-based features such as global and window-specific slopes enable
the model to detect accelerating degradation over time. This alignment be-
tween the HYDRA-motivated feature design and the empirical importance
ranking supports the choice of deterministic shape extraction over raw event
frequencies.

The resulting risk scores are then used in a Deterministic Equivalent of
a Stochastic Partitioned Knapsack Model that maximizes the Expected Pro-
tected Demand (Z) while considering regional technician capacities (Kellerer
et al., 2004). The model is formulated as follows:

Sets and Indices

e J: Set of all locations, indexed by j.

e [;: Set of all ATMs located within j, indexed by i.
Parameters

e p;;: The failure probability for ATM 4 in province j.

e d;;: The forecasted transaction volume for ATM ¢ in province j.

w;: The category priority weight assigned to ATM ¢ based on its
operational classification.

C;: The maintenance capacity limit for province j.

p: The minimum amount of money worth recovering.

7: The minimum probability threshold for eligibility, determined as
0.3425, the optimal threshold for Youden’s J statistic.

e a;;: Binary eligibility parameter used to linearize the threshold logic.
aij =1 <= (pij - di > p) N (pij > 7)

Decision Variable

e z;;: Binary variable equal to 1 if a maintenance team is dispatched to
ATM i in province 7, and 0 otherwise.



Objective Function

jeJ iel;
Constraints
Y <G, Vield (1.2)
icl;
zi; < a;, VjeJSViel; (1.3)
z;; € {0,1}, Vje JViel; (1.4)

Constraint (1.2) represents the regional capacity constraint for every lo-
cation, whereas (1.3) enforces the threshold logic based on minimum proba-
bility and transaction volume. Constraint (1.4) is a simple binary dispatch-
ing constraint.

1.3.3 System Design

The proposed solution is delivered as a centralized, Python-based DSS that
integrates predictive analytics with a graphical user interface (GUI; Figure
1.1). The system follows a “Predict-then-Optimize” workflow: the back-end
engine generates failure probabilities for a seven-day horizon and then pro-
cesses these through the partitioned Knapsack model to produce a feasible
maintenance schedule.
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Figure 1.1: DSS Interface



The DSS includes an interactive dashboard for maintenance planners.
A dynamic sidebar allows users to upload at least 31 days of historical
transaction and error logs to refresh the model. The system is designed
to run weekly in line with the bank’s reporting cycles and maintenance
logistics.

The dashboard summarizes network health by categorizing ATMs into
three statuses: Dispatch (immediate visit), Backlog (at-risk machines ex-
ceeding regional capacity), and Monitor (stable machines). These results
are visualized through a provincial risk map and detailed list views in the
Prediction and DSS tabs for maintenance decisions. Through the sidebar,
users can select the data to upload, working mode, and location- and CSV-
based ATM filters, as well as adjust key parameters.

1.4 Implementation

The implementation is designed to integrate with Tiirkiye Is Bankasi’s ex-
isting maintenance ecosystem. The system operates as an iterative pipeline
that uses updated error logs and transaction data to transform evolving risk
profiles into maintenance schedules. After Tiirkiye Is Bankas: installs the
developed DSS application in its Cash Management Centers, the bank will
continue its operations on a weekly basis, relying on the generated failure
predictions and optimized maintenance priority results.

To integrate and evaluate the proposed system, a two-week pilot study
is scheduled between the 6th of April and the 19th of April, which involves
A /B testing. A-group ATMSs receive a maintenance team on alert, whereas
B-group follows the current maintenance schedule. This pilot study tests the
developed system in a real environment and demonstrates how the predictive
maintenance system can support the current maintenance system before
broader deployment.

1.5 Results and Evaluation

This section includes the theoretical results and performance evaluation of
the predictive maintenance system model.

1.5.1 Performance Results

The predictive maintenance system was theoretically tested for November
2024. Based on historical error logs, demand distributions, and mean time
to repair (MTTR), an uptime increase of 0.82% was calculated, which ex-
ceeded the industrial advisor’s expectation of 0.5% (Agun et al., 2026). This
increase corresponds to hundreds of thousands of maintenance hours and
billions of liras in protected transaction volume. In addition, the system is
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designed to improve customer satisfaction and operational efficiency. Cus-
tomers would need to locate alternative ATMs less frequently, while the
bank would be able to allocate maintenance resources more effectively for
failures that were not predicted.

1.5.2 Validation

The model was validated using a date-based rolling window: training on
historical data and testing on subsequent held-out periods. A 1,000-iteration
bootstrap validation yielded a stable AUC of 0.7913 + 0.0008, confirming
robust discriminative power regardless of threshold choice or data split. At
the threshold selected for deployment, roughly four out of five ATMs that
actually failed were flagged in advance, and more than half of the flagged
ATMs did experience a failure. Since missing a genuine failure risks over 24
hours of downtime while a false alarm wastes only one visit, the bank chose
to favour broader coverage over dispatch efficiency—a balance adjustable at
any time through the DSS interface. Industrial advisors confirmed that the
resulting dispatch volume remains within operational capacity.

A pre-pilot study in March 2025 showed improved dispatch accuracy
under real conditions, validating readiness for implementation. Experts
from Tirkiye Is Bankas: further verified through face validity that the de-
mand proxies reflect real-world customer behavior and maintenance sched-
ules (Agun et al., 2026).

1.5.3 Discussion

The project theoretically yields a slightly higher performance increase than
Tiirkiye Is Bankasi’s expectations. Both industrial and academic advisors
confirmed that the project and implementation phase are feasible. Adopting
such a system would represent one of the first predictive maintenance im-
plementations for ATM networks in the banking sector (Agun, 2025; Agun
et al., 2026).

1.6 Conclusion and Recommendations

This project developed an end-to-end predictive maintenance DSS for Tiirkiye
Is Bankasi. By combining HYDRA-motivated shape feature extraction with
XGBoost classification and isotonic probability calibration, the system iden-
tifies the majority of ATMs likely to fail within a seven-day horizon while
keeping unnecessary dispatches within operational capacity a balance the
bank can adjust at any time through a configurable threshold. The esti-
mated uptime increase is 0.82%, which represents a potential transaction
volume increase of billions of Turkish Liras. The developed predictive main-
tenance system positions Tiirkiye Is Bankasi as a pioneer in Al-driven bank-
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ing operations.

With more detailed data, predictions could target specific hardware com-
ponents rather than general failure risk. While the current model relies on
transaction patterns and historical error logs, integrating real-time sensor
data could further improve ATM uptime.
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Ozet

Bu proje, Karel Elektronik’in baskili devre karti iiretim hatt1 i¢in veri temelli
bir iiretim planlama ve c¢izelgeleme sistemi gelistirmeyi amaclamaktadir.
Mevcut sistemde planlama biiytik ol¢tide Excel ve dogrudan iletigim yoluyla
yurtutiilmekte, bu durum ozellikle dizgi agsamasindaki yiiksek kurulum siire-
leri nedeniyle kapasitenin etkin kullanilamamasina ve teslimat gecikmele-
rine yol acmaktadir. Gelistirilen yaklagim; lehim pastasi1 baski, dizgi ve firin
agamalarini biitiinlesik bicimde ele almakta; islem siireleri, kurulum stire-
leri, makine farkliliklari, tepsi bazli parti yapisi, termal profil uyumlulugu
ve teslim tarihlerini birlikte degerlendirmektedir. Coziim kapsaminda kiiciik
ornekler i¢in bir karma tamsayili programlama modeli, ger¢cek boyutlu veri-
ler igin ise ATCS tabanl bir sezgisel yontem gelistirilmistir. Tarihsel verilerle
yapilan karsilagtirmalarda toplam agirlikli gecikmede yaklasik %8.6 iyilesme
ve zamaninda teslim oraninda %9.6 artig elde edilmigtir.

Anahtar Sozciikler: Uretim cizelgeleme, hibrit akis tipi atolye, toplam
agirlikli gecikme, tabu arama, karar destek sistemi
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Printed Circuit Board Production

Scheduling
Abstract

This project develops a data-driven production planning and scheduling sys-
tem for Karel Elektronik’s printed circuit board manufacturing line. In the
current system, planning is largely carried out manually through spread-
sheets and direct coordination, which leads to frequent replanning, ineffi-
cient capacity usage, and delivery delays, especially at the pick and place-
ment stage where setup times are substantial. The proposed approach mod-
els solder paste printing, pick and placement, and reflow oven operations
in an integrated framework that considers processing times, setup times,
machine differences, tray-based batching, thermal profile compatibility, and
due dates simultaneously. The solution strategy combines an exact mixed-
integer linear programming model for small instances with a heuristic for
real size instances. The heuristic uses an ATCS-based initial sequence, a
decoder that simulates the three-stage system, oven run construction based
on profile compatibility, and a tabu search improvement phase. Historical
company data were used to evaluate the approach. The results indicate
an improvement of about 8.6% in total weighted tardiness and an increase
of about 9.6% in on-time delivery performance compared with the current
planning practice. Overall, the study provides a practical and explainable
decision support tool for production planners.

Keywords: Production scheduling, hybrid flow shop, weighted tardiness,
tabu search, decision support system

2.1 Company and Engineering Problem

Karel Elektronik is a major Turkish manufacturer operating in communica-
tion, defense, automotive, field operation technologies, and electronic man-
ufacturing services. Within its electronic manufacturing services activities,
the company performs printed circuit board (PCB) assembly, prototyping,
automated testing, and system integration. The production environment
considered in this project is a three-stage PCB assembly line consisting
of solder paste printing, pick and placement, and reflow soldering. This
structure naturally leads to a multi-stage scheduling problem in which jobs
compete for parallel resources and are affected by both setup requirements
and due dates. Similar production environments are commonly modeled as
hybrid flow shops in the scheduling literature (Pinedo, 2016; Oujana et al.,
2019).

In the current practice, once a work order is released, material avail-

14



ability is checked in the ERP system and production is scheduled largely
by planners using spreadsheets and direct communication. Although the
ERP system supports inventory and order management, it does not provide
an integrated scheduling logic that simultaneously accounts for machine
capacities, setup dependencies, tray-based batch sizes, and oven compati-
bility rules. As a result, the plan is revised frequently during the day due
to material shortages, urgent jobs, and machine-related issues.

The most critical engineering problem is the lack of a systematic schedul-
ing mechanism that can reduce late deliveries while preserving feasibility
on the shop floor. In particular, the pick and placement stage has long
sequence-dependent setup times, and some sequencing decisions lead to
significant capacity losses. Therefore, the project focuses on designing a
decision support system that generates feasible schedules while minimizing
delivery-related performance losses.

The main performance measures are total weighted tardiness and on-
time delivery rate. The main deliverables of the project are a production
scheduling model, a Python-based solution engine, spreadsheet-based input
and output interfaces, and a rescheduling logic suitable for daily operational
use.

2.2 Current System Analysis

The production line examined in this study follows a fixed technological
sequence. First, PCBs are loaded onto trays and processed at the solder
paste printing stage. Second, they are sent to pick and placement machines
where electronic components are mounted. Finally, they enter the reflow
stage, where soldering is completed in ovens. Once boards are loaded into
trays, batch composition remains fixed throughout the line.

The company operates multiple machines at the first two stages and a
limited number of reflow ovens at the last stage. Although all products
can be processed on all machines, machines differ in speed and technical
characteristics. In addition, setups depend on product changes. Setup
times at solder paste printing and reflow are relatively short, while pick
and placement setups can vary from a few hours to much longer durations
depending on feeder, stencil, nozzle, and program changes. This makes
sequencing particularly important.

A key observation from the on-site study is that products requiring sim-
ilar setups are not always processed consecutively. Since manual planning
cannot fully exploit product family similarities, setup frequency increases
and effective capacity decreases. Moreover, the reflow stage adds another
layer of complexity because batches with compatible temperature profiles
may be processed together in the same oven run. The current planning
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process does not evaluate this trade-off systematically.

These observations indicate that the scheduling problem cannot be han-
dled adequately by simple first-come-first-served or purely manual rules. It
requires a model that jointly considers batching, parallel machine assign-
ment, sequence-dependent setups, precedence relations among stages, and
oven grouping decisions.

2.3 Model and Proposed System

The proposed system is designed as a decision support tool that converts
work-order data into feasible and interpretable production schedules. The
solution framework has three layers: data preparation, scheduling, and out-
put generation.

2.3.1 Modeling Framework

The production environment is modeled as a hybrid flexible low shop with
three sequential stages and parallel machines at each stage. Jobs correspond
to batches rather than individual boards. For each batch, the system de-
termines machine assignments, stage-wise start and completion times, and
sequencing decisions. At the reflow stage, the model also determines which
compatible batches should be grouped in the same oven run. This abstrac-
tion is consistent with standard scheduling formulations discussed in the
literature (Pinedo, 2016; Oujana et al., 2019). The main assumptions are

e jobs are not preempted once processing starts,

e processing times, setup durations, due dates, and release dates are
assumed known,

e transfer times between stages are neglected,
e intermediate buffer capacity is assumed sufficient,
e rework is ignored in the baseline model,

e oven grouping is allowed only for batches with compatible thermal
profiles.

The primary objective is to minimize total weighted tardiness. Let R,
denote the completion time of work order w, d,, its due date, 7, its penalty
weight, and Z,, its tardiness.

The notation used in the mathematical model is summarized here for
completeness.
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Sets and indices.

W: set of work orders, index w.

T set of PCB types, index t.

P ={1,2,3}: set of processes, index p.

M, set of machines at process p € P, index m.

B.:: set of potential batches for type ¢ in work order w, index b.
o B={(w,t,b)|weW,teT,be By} set of all batches.
Parameters. All time-related parameters are measured in minutes.
e n,;: number of cards demanded of type ¢ in work order w.
e cap,: batch capacity for type t.

® U,y processing time per card of type ¢ on machine m at process p
for p =1, 2.

e h;: oven heat time for type ¢ at process 3.

® Ky setup time when switching from type ¢ to ¢ on machine (p, m).
e ¢, carliest start time of work order w.

e d,: due date of work order w.

e T, tardiness penalty weight of work order w.

e ay € {0,1}: oven compatibility parameter.

e 0,,: oven capacity for oven m € Ms.

e by, bep?™: minimum and maximum numbers of active batches for

(w,1).

o bs, bsa: minimum and maximum batch sizes for (w,t,b).

® Np =3 cw 2t |But|: total number of potential batches.

M: sufficiently large constant.
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Decision variables.
e (Q.n: batch size.
e [, equals 1 if batch (w,t,b) is active.
o X,uwpm: assignment variable.
® Sutbpms Cutbpm: start and completion times.
e R,: completion time of work order w.
e 7, tardiness of work order w.
o Yiuwwew pm: immediate-precedence variable.
o Guwpwiym: Oven grouping variable.
e [, machine-usage variable.
® Fytbpm, Luwtpm: first and last indicators.

® Dywwiy m: auxiliary oven-ordering variable.

2.3.2 Heuristic Design

An exact mixed-integer linear programming model was first developed to
represent the production environment rigorously (see Appendix). The exact
formulation determines active batches, machine assignments, sequence de-
cisions, and oven grouping decisions simultaneously. This model is unable
to solve instances of real life as they are considerably larger. Therefore, a
heuristic solution method was developed for operational use. The heuris-
tic begins by forming feasible batches subject to minimum and maximum
tray capacities. Then it constructs an initial sequence using an Apparent
Tardiness Cost with Setups logic, which balances urgency and setup effects.
The resulting sequence is evaluated by a decoder that simulates the three
production stages. At the first two stages, each batch is assigned to the ma-
chine that yields the earliest completion time. At the oven stage, compatible
batches are grouped into runs while respecting capacity and readiness con-
straints. The overall sequence is then improved through tabu search, which
explores swap-based neighboring solutions. Similar metaheuristic ideas have
been shown to be effective in tardiness-oriented scheduling problems with
setups (Bilge et al., 2004; Anghinolfi and Paolucci, 2007; Demir et al., 2015).
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2.4 Validation of the Proposed Approach

Validation was performed in two stages. First, the internal logic of both
the exact model and the heuristic was verified on deliberately constructed
small instances. These instances were designed to test precedence relations,
batching decisions, machine assignments, setup handling, and oven group-
ing behavior. In the simplest cases, both approaches produced identical
decisions, which confirmed that the heuristic decoder was consistent with
the exact formulation on small problems.

Second, the approach was tested using historical company data. The
available data set covers completed work orders over a multi-year period
and includes order quantities, PCB types, processing-related information,
and due dates. Since the observed data do not represent all jobs that
actually used the plant capacity during that horizon, the effective capacity
of the validation model was reduced in line with expert judgment from the
industrial advisor so that the workload level would better reflect reality.

The validation results show that the proposed system behaves consis-
tently with practical scheduling logic. Urgent orders tend to move earlier
in the schedule unless setup or penalty trade-offs justify another decision.
Jobs with similar setup requirements are often processed consecutively on
the same machine when setups are dominant. Likewise, oven grouping de-
cisions do not simply maximize utilization; they also account for batch
readiness and delivery urgency. These outcomes indicate that the model
captures the main operational trade-offs of the shop floor.

2.5 Integration and Implementation

The decision support system is designed to be integrated with the company’s
existing planning practice rather than replacing it abruptly. The input and
output format is intentionally kept simple so that planners can continue
to work with spreadsheet-compatible files while benefiting from algorithmic
scheduling support.

In the intended use scenario, planners prepare or export the required
order and processing data, run the solution engine, and review the re-
sulting schedule before execution. Since the output includes machine-wise
sequences, stage-wise timing information, and work-order completion esti-
mates, planners can interpret the recommendations and revise them when
extraordinary situations arise. This improves transparency and facilitates
adoption.

The implementation plan also includes a pilot application phase. Dur-
ing this phase, the company can compare historical planning outcomes with
schedules suggested by the system for a selected subset of operations. Feed-
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back from planners and the industrial advisor can then be used to refine
parameter settings, user-interface components, and rescheduling rules.

2.5.1 Decision Support System Structure

The proposed system is implemented in Python and accepts spreadsheet-
based inputs. The input structure includes work orders, quantities, PCB
types, batch capacities, processing times, setup times, release dates, due
dates, and thermal profile information. The output consists of machine-
wise schedules, batch start and completion times, oven-run composition,
and work-order level tardiness measures.

For operational use, the system also includes a rescheduling mechanism.
At a selected current time, completed work is fixed, ongoing work remains
frozen, and only the remaining batches are replanned. This allows the
planners to respond to urgent orders or disruptions without destroying the
feasibility of operations already in progress.

2.6 Benefits to the Company

The project provides benefits at both operational and managerial levels.
Operationally, a better schedule reduces unnecessary setups, improves ma-
chine utilization, and lowers the number of late work orders. Manageri-
ally, the system provides a repeatable and explainable way of generating
schedules, which decreases dependence on purely manual coordination and
supports data-driven decision making.

The most visible benefit is the improvement in delivery performance.
Reducing weighted tardiness directly supports customer satisfaction and
can reduce the risk of contractual penalties in defense-related projects. In
addition, by grouping similar jobs more systematically and by using ovens
more intelligently, the system increases effective capacity without requiring
immediate capital investment.

Table 2.1 summarizes the high-level benchmarking results obtained from
the historical comparison.

Table 2.1: Benchmarking summary for the proposed system

Performance measure Current practice Proposed system
Total weighted tardiness 204,580 188,067
On-time deliveries 52 a7
On-time delivery rate 30.8% 39.0%

Based on these results, the proposed approach yields an 8.6% reduction
in total weighted tardiness and an 9.6% increase in the on-time delivery

20



rate. This comparison suggests that the proposed system improves delivery
performance while preserving operational realism.

Another important benefit is scalability. The exact model offers a rig-
orous benchmark for small cases, while the heuristic makes it possible to
solve realistic daily instances in acceptable computational times. This bal-
ance between rigor and practicality makes the proposed solution suitable
for real-world use.

2.7 Conclusions and Future Work

This project addresses a real production planning problem in Karel Elek-
tronik’s PCB manufacturing environment by developing a scheduling-oriented
decision support system. The study first formalizes the production line as
a hybrid flexible flow shop with batching, sequence-dependent setups, and
oven compatibility constraints. It then combines an exact model and a prac-
tical heuristic to obtain schedules that are both feasible and operationally
meaningful.

The results demonstrate that the proposed approach can improve key
delivery-related performance measures compared with the current planning
practice. Beyond the numerical gains, the project also contributes a struc-
tured planning logic that can support planners in a more consistent and
transparent way.

Future work may extend the system by incorporating stochastic disrup-
tions, more detailed material-availability constraints, explicit labor limita-
tions, and richer user-interface capabilities. Another natural extension is to
integrate the decision support system more closely with ERP data sources
so that schedule generation and replanning can be triggered more automat-
ically.
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Appendix: Mathematical Model
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Ege Kacar ve Samet Ozben

Ozet

Bireysel Emeklilik Sistemi (BES) kapsaminda Devlet, katilimer katk: pay-
larmin %20’si oraninda katki saglamakta ve bu tutarlar Devlet katkisi
fonlarinda yatirima yonlendirilmektedir. Ancak bu fonlar, kati yatirim
kisitlar1 nedeniyle cogu zaman negatif reel getiri iiretmekte ve performans
farkliliklar1 katilimcilar arasinda esitsizlik yaratmaktadir. Bu galigma, fon
performansi ile yatirnm kisitlarinin etkisini inceleyerek en yiiksek getirinin
kisitsiz senaryoda elde edildigini gostermektedir. Bu dogrultuda, ge¢mis pi-
yasa verileri gercevesinde getiriyi maksimize eden portfoy yapilarinin anali-
zine imkan veren bir optimizasyon modeli kullanilmigtir. Model sonuclarina
dayanarak, fonlarin daha esnek yonetilmesi ve katkilarin faizli ve faizsiz
olmak iizere iki merkezi fonda toplanmasi 6nerilmistir.

Anahtar Sozciikler: Bireysel Emeklilik Sistemi, Devlet Katkisi, Portfoy
Optimizasyonu, Degisken Fon, Merkezi Fon, Reel Getiri, Emeklilik Gézetim
Merkezi.
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System Optimization of State Contribution
in the Individual Pension System

Abstract

Under the Individual Pension System (IPS), the government contributes
20% of participants’ contributions, and these amounts are invested in state
contribution funds. However, due to strict investment constraints, these
funds often generate negative real returns, and performance differences cre-
ate inequality among participants. This study examines the impact of in-
vestment constraints on fund performance and shows that the highest re-
turns are achieved under an unconstrained scenario. Accordingly, an opti-
mization model based on historical market data is used to analyze portfolio
structures that maximize returns. Based on the model results, it is proposed
that funds be managed more flexibly and that contributions be consolidated
into two centralized funds, one interest-bearing and one interest-free.

Keywords: Individual Pension System, State Contribution, Portfolio Op-
timization, Variable Fund, Centralized Fund, Real Return, Pension Moni-
toring Center.

3.1 Company and System Analysis

3.1.1 Company Information

The Pension Monitoring Center (PMC), established in 2003, is the cen-
tral institution responsible for operating, monitoring, and developing the
IPS in Tirkiye, ensuring its transparency, efficiency, and reliability (PMC,
2026a). It oversees State contribution processes, verifies and collects data
from pension companies, and ensures the proper execution of fund transfers
and allocations. PMC monitors pension fund activities, supports regulatory
authorities through reporting and data analysis, and provides audit infras-
tructure for supervision. It also manages inter-company processes within
the system and contributes to policy development and system improvements

(PMC, 2026b).
3.1.2 System Analysis

State contribution funds in the Individual Pension System are managed
separately by pension companies, although all operate under the same reg-
ulatory framework. In this system, the State contributes 20% of the partic-
ipant’s payment, while the annual State contribution amount is limited to
20% of the annual gross minimum wage. These funds are subject to a set
of investment constraints, including minimum allocation requirements to
government debt and equities, as well as limits on deposits and private debt
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instruments, as presented in Figure 3.1 (PMC, 2025). In addition, certain
asset classes are not permitted under the current regulation, such as foreign
assets, precious metals, and derivative instruments. Moreover, when differ-
ent State contribution funds established under each pension company are
managed by different portfolio management companies with distinct strate-
gies, participants may be exposed to varying returns despite being subject
to the same system. Within this framework, between 2021 and 2025, the
average annual real return of State contribution funds was -6.82% (Turkey
Electronic Fund Distribution Platform (TEFAS), 2026).

Equities (BIST)

Min. 30%

Government
Debt

Instruments

Deposits & Private
Sector Debt
Instruments

Figure 3.1: Current State Contribution Fund Allocation Constraints

3.2 Problem Definition

The current structure of State contribution funds fails to generate positive
real returns, as fund performance remains below inflation due to regulatory
and structural limitations. Strict portfolio allocation rules require a large
share of assets to be invested in government debt instruments, while lim-
iting diversification and prohibiting alternative investment tools. Between
2013 and 2025, cumulative inflation exceeded 600 percent, while average
monthly real returns remained negative at around -0.23% for interest-based
funds and -0.48% for non-interest funds. At the same time, the system is
fragmented across pension companies. Although all funds operate under
identical regulations, differences in asset selection, timing, and operational
efficiency lead to unequal participant outcomes despite the same public in-
centive. Another critical issue is the mismatch between the relatively short
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maturity of available Treasury instruments, at 3.7 years, and the long-term
investment horizon of the IPS (Bilkent University, 2025). These factors
weaken accumulation, reduce long-term returns, and contribute to early
participant exits. Within this context, system performance is evaluated
based on real return, consistency of outcomes across participants, and par-
ticipant retention. The system also creates the perception of public loss
risk, since State contributions may lose real value before being returned to
the Treasury in early exit cases (PMC, 2025).

3.2.1 Objectives

The objectives of the proposed framework are to achieve positive real return,
ensure capital preservation by reducing potential public loss, establish a fair
and standardized return structure by eliminating differences across pension
companies, and improve system sustainability by increasing participant re-
tention and supporting the growth of the IPS.

3.2.2 Deliverables

The project has two main deliverables. The first deliverable is the final
project report and feasibility analysis. This report includes the objective of
the project, key findings, model methodology, and the analyses conducted
throughout the study. It also presents the economic impact of the proposed
solution, its institutional feasibility, risk and compliance considerations, and
a strategic roadmap for implementation. The report provides a structured
and comprehensive explanation of the proposed system and its potential
benefits.

The second deliverable is a decision support system developed for port-
folio optimization to be used by the fund manager, supported by a user
interface. The system allows users to run the model for different time pe-
riods, select the maximum risk level, and choose the asset classes to be
included. Based on these inputs, it produces a portfolio allocation that
maximizes real return. In addition, the system provides key outputs such
as real return, nominal return, risk degree level, and the contribution of each
asset to overall portfolio performance, enabling users to evaluate results and
make informed decisions under different scenarios.

3.3 Model and Proposed System
3.3.1 Portfolio Optimization Model

The model is a portfolio optimization framework designed to improve the
performance of State contribution funds by maximizing annualized real re-
turn. It is formulated using an index-based representation of asset classes
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and incorporates relevant allocation rules as constraints. While these con-
straints are strictly enforced in the baseline scenario, sensitivity analyses
conducted on them led to their removal in the best-performing scenario to
identify more efficient portfolio allocations. Appendix A provides the de-
tailed mathematical formulation of the optimization model, covering volatil-
ity, nominal and real return calculations, return annualization, risk degree
mapping, as well as the objective function, decision variables, and con-
straints.

The model follows a structured computational process, as illustrated in
Figure 3.2. First, annualized nominal returns are calculated using weekly
historical price data. Then, portfolio volatility is estimated to support risk
evaluation. Together with annual inflation rates, portfolio constraints, and
the selected risk level, these inputs are used in the optimization process,
where asset allocations are determined to maximize portfolio real return.
The model is implemented in Python as a non-linear optimization problem
using the SciPy library and, with its parametric structure, can be used as
a decision support tool to evaluate different portfolio scenarios.

Weekly Historical Annual Inflation . . .
Closing Prices of the Rates Risk Degree Level Portfolio Constraints
Assets (Excel Data)
C J

Optimization Outcomes:

Decision Variable: Optimal Allocations,
Annualized Nominal Volatility Estimation for Allocation of Assets, Nominal and Real
Return Calculations Risk Degree Evaluation Objective: Maximize Returns, Risk Degree
Portfolio Real Return Level

Figure 3.2: Conceptual Model of the Portfolio Optimization Framework

3.3.2 Proposed Solution

Sensitivity analyses on individual portfolio constraints show that these re-
strictions significantly limit allocation efficiency. When constraints are grad-
ually relaxed, the model consistently shifts toward more flexible allocations
that prioritize assets with higher real returns. As a result, the optimized
portfolio structure begins to resemble the behavior of variable funds, where
asset allocation is not fixed but adjusts according to market conditions. To
support this finding, the model results are compared with existing variable
pension funds. Data from 26 aggressive variable funds shows an average
real return of 14.91%), while the unconstrained model achieves a higher real
return of 19.03% (Turkey Electronic Fund Distribution Platform (TEFAS),
2026). In addition, existing funds show significant differences in perfor-
mance, indicating that outcomes depend largely on fund-level decisions.
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These results suggest that the main limitation of the current system is its
rigid structure rather than the investment universe itself. Therefore, one
of the key proposed solutions is to manage State contribution funds un-
der a variable fund structure, allowing for more flexible and adaptive asset
allocation.

Moreover, in the current system, State contribution funds are managed
separately by different portfolio management companies, which leads to
unequal outcomes for participants receiving the same public incentive. To
address this, the proposed solution includes transitioning to a centralized
fund structure in which all State contributions are managed under two main
funds: one interest-based and one non-interest fund. This structure aims
to ensure a more consistent and equitable distribution of returns across all
participants.

3.4 Validation

The proposed approach was validated by comparing its results with simu-
lated future outcomes and the actual performance of current State contri-
bution funds.

First, out-of-sample simulation testing was conducted. After the opti-
mized portfolio was developed using historical data, 2,000 future scenarios
were generated, and the portfolio’s annual nominal return was calculated
for each one. Since the in-sample result was not located in the extreme
tail of the simulated distribution, it was considered realistic and not overly
optimistic.

Second, out-of-sample back-testing was carried out using actual market
data from 2024-2025, while the model was trained only on 2021-2023 data.
The results were compared with the returns of existing State contribution
funds. A very strong positive correlation (r = 0.89) was observed, and the
t-test showed no statistically significant difference between the model’s re-
turns and actual market returns (p = 0.1226 > 0.05). This showed that the
model produced realistic results and successfully reflected market behavior.

Finally, face validity was supported through expert review. The model
structure, assumptions, data, and outputs were evaluated by company ex-
perts and the academic advisor, and the approach was found to be consistent
with current practice.

Overall, the validation results showed that the proposed approach is
reliable and comparable with current operations.
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3.5 Implementation and Pilot Study

The proposed approach was designed to fit into the current IPS without
changing its main institutional structure. Its main change is replacing mul-
tiple State contribution funds managed separately by pension companies
with a centralized structure consisting of two funds: one interest-bearing
and one interest-free. The overall implementation flow is shown in Figure
3.3. In the proposed system, the funds are legally established by the Re-
public of Tiirkiye Ministry of Treasury and Finance, while PMC continues
to monitor the system, manage data flows, and support coordination among
stakeholders (PMC, 2025).

Portfolio
. Fund
Establishment Management A Performance
EE— —— Operation Fee ——— .
of the Funds Company Evaluation

. Allocation
Selection

\ Eailure Success

Figure 3.3: Basic implementation flow of the proposed centralized fund
structure

In practice, the proposed model preserves the existing roles of pension
companies, portfolio management companies, and public authorities. Pen-
sion companies continue to collect participant contributions and transfer
them into the system, while daily fund management is centralized under
a selected portfolio management company. Unlike the current structure,
which is subject to strict investment rules, the selected portfolio manage-
ment company manages these funds under a variable fund structure. This
increases asset allocation flexibility, reduces operational complexity, creates
a more standardized structure, and helps eliminate return differences caused
by company-based fund management. A revenue-sharing mechanism is also
proposed to ensure fair income distribution between the managing portfolio
management company and pension companies.

The managing institution is proposed to be selected through a transpar-
ent evaluation process based on performance, operational capability, and
technical adequacy. Following implementation, the selected portfolio man-
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agement company is proposed to be evaluated annually through a formal
performance review mechanism. It is considered unsuccessful if the annual
fund return remains below inflation or if its performance falls significantly
below the average return of comparable funds. In such cases, the current
manager is proposed to be replaced, and a new portfolio management com-
pany is selected through the same evaluation process.

In this way, the proposed approach is not only an analytical model but
also a practical system design that can be adapted to the company’s existing
operational framework and support future policy decisions.

To provide initial practical insight into the proposed solution, a pilot
study was conducted for the period between January 1, 2026 and March
17, 2026 to examine the nominal returns of the funds. In this pilot ap-
plication, the State contribution funds were managed under the proposed
variable fund structure. During this period, the nominal return of the ex-
isting State contribution funds was 7.94%, while the nominal return under
the proposed structure reached 20.6% (Turkey Electronic Fund Distribu-
tion Platform (TEFAS), 2026). These preliminary results show that man-
aging State contribution funds through a variable fund structure provides
stronger return performance compared to the current system. Although the
pilot study covers a limited time period, it still provides initial evidence
regarding the practical potential of the proposed approach.

3.6 Benefits

The proposed project is expected to provide several benefits to PMC and
the overall IPS by improving both fund performance and the system’s struc-
ture. The main contribution of the proposed model is its effect on return
performance. Based on the analysis covering the 2021-2025 period, the av-
erage annual real return of the existing State contribution fund structure
was -6.82%, whereas the average annual real return of variable funds over
the same period was 14.91% (Turkey Electronic Fund Distribution Platform
(TEFAS), 2026). This corresponds to a 21.73% improvement in annual real
return performance. This result suggests that the proposed structure pro-
duces higher returns and supports positive real returns compared with the
current system.

In addition to return performance, the centralized structure eliminates
the return inequality created by the current fragmented system, in which
participants across different pension companies are exposed to different out-
comes under the same State contribution mechanism. The introduction of
a standardized structure supports fairness and consistency in fund man-
agement. In addition, managing the funds under a variable fund structure
provides flexibility in asset allocation and alleviates the limitations of the
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current rigid framework.

Another key benefit of the proposed model is that it eliminates the
risk of a public loss perception. Since the current system produces neg-
ative real returns, the amounts returned to the Treasury fall below their
real value. By delivering stronger and more sustainable real returns, the
proposed structure prevents this mismatch and removes the basis for a po-
tential public loss assessment. The proposed revenue-sharing structure also
creates a fairer financial framework for pension companies, while the cen-
tralized model reduces operational burden by removing the need for each
company to manage separate State contribution funds. Overall, the project
contributes to PMC by supporting a fairer, more efficient, and more sus-
tainable Individual Pension System.

3.7 Conclusion

This project addressed the main expectations of the organization by iden-
tifying the structural weaknesses of the current State contribution system
and proposing a practical alternative model. The findings showed that
the current structure creates return inequality among participants, lim-
its investment flexibility, and produces weak real return performance. In
response, a centralized State contribution fund model managed under a
variable fund structure was proposed. The analyses, validation results, pi-
lot study, and implementation planning suggested that this model is both
analytically sound and operationally applicable within the existing system
framework. In this respect, the project may be considered to have met the
organization’s expectations by offering a solution that supports fairness, op-
erational simplification, and improved financial outcomes. For future work,
the proposed model may be examined further through more detailed reg-
ulatory analysis, broader pilot applications, and additional testing under
different market conditions, while further studies may also focus on the
practical design of the two-fund structure and the long-term effects of the
proposed revenue-sharing mechanism.
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Appendix: Mathematical Formulation
Sets

e J: Set of all investment assets,

J = {MEVTL, KDEVL, ODEGS, OSABT, REPBR, TDTUM, TTUFE,
XU100, XK100, XBANK, XUSIN, EUR, USD, GAU_TRY, XAGG_TRY,
XPD_TRY, XPT_TRY, EOSTL_OSBA, EUSTL_KAMU, XGMYO,
SP_500}.

e 7 C J: Forbidden assets (not allowed for State contribution funds),

F = {EUR, USD, GAU_TRY, XAGG_TRY, XPD_TRY, XPT_TRY,
EOSTL_OSBA, EUSTL_KAMU, XGMYO, SP_500}.

o t =12, ...,7: Weekly observation index.

Parameters

P;: Weekly closing value of asset j at week ¢.
e T: Number of weekly observations (e.g., T' = 260).
e m: Annualization factor for weekly data (m = 52).

m: Annual inflation rate.

RD™*: Maximum allowed risk degree.

{71,...,m}: Volatility thresholds for RD classification.

Decision Variables

e w;: portfolio weight of asset j (j € J).
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Return and Risk Computation
Weekly Returns from Closing Prices

P, — P,
rj7t:“P+W, Vield t=2...,T.
]7t71

Weekly Nominal Portfolio Return
rp,t:ijrﬁ, t=2,...,T.
jeJ
Compounded Total Nominal Return over the Sample
Let N =T — 1 be the number of weekly returns.

T
Ry =T (1 +mp0) — 1.

t=2

Annualized Nominal Portfolio Return

Rnom — (1 _i_Rnom)% . 1

p,ann p,tot

Annual Real Portfolio Return

1+ R

p,ann
p,ann 147 -

Annualized Portfolio Volatility

T T
_ 1 m D)
=7 § :Tp,ta I =A\l7_1 E (rps — 7).

t=2 t=2

Risk Degree Mapping

RD,=k if mp1<op<m, k=1,...,7, 70 := 0.
To enforce the maximum allowed risk degree: o, < Tgppmax.
Optimization Model

Objective Function

real
max  R;7 .
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Constraints

ij = ]_,

jeJ
w; =0 VjeF,

w; >0 Ve J,

0p < TRpmax,

wrepBr < 0.0,

wkpevL + Wrprum + wrrure = 0.50,
wrrure < 0.17 wrpTum,

WopEGs + WMEVTL + Wosapr < 0.20,

wxu100 + WxK100 + WxBANK + wWxusmv > 0.30.
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Bireysel Kredilerde Onay Olasiligi 4
Tahminleme Modeli

TeklifimGelsin

Proje Ekibi )
Zeynep Aydar, Selin Dogan , Eda Naz Girel, Eylil Ece Ozdemir,
Arhan Ogzturan, Melisa Sahin, Giilce Yildiz

Sirket Danismani Akademik Damisman
Alper Yenigiin Dr. Ogr. Uyesi Aysenur Karagoz
Uriin Mudiri Endiistri Miihendisligi Boliimi

Ozet

Platformda kullanicilarin kredi bagvurularinin onaylanma olasiligini tah-
min eden bir sistem bulunmamaktadir. Bu durum hem kullanici mem-
nuniyetini digiirmekte hem de bankalara yapilan bagvurularda verimsiz-
lik yaratmaktadir. Problemi ¢ozmek i¢in, her miigteri ve banka igin kredi
onay olasiligin1 tahmin eden bir model gelistirilmistir. Caligma kapsaminda
farkli makine ogrenmesi yontemleri denenmis ve karsilagtirilmigtir. Son
asamada, karar agacinin ortaya cikardigi degisken etkilesimleri lojistik
regresyon ile birlegtirilerek hibrit bir model kurulmustur. Boylece model
anlagilir hale gelmis daha iyi sonuclar vermistir. Model gergek verilerle test
edilmis ve mevcut sistemle kargilagtirilmigtir. Model, kullanicilar1 daha uy-
gun seceneklere yonlendirecek ve onlarin bagvuru siireclerinde daha bilingli
kararlar almalarini destekleyecektir.

Anahtar Sozciikler: Kredi skoru, kredi onay tahmini, finansal veri analizi,
makine ogrenmesi algoritmalari, hibrit lojistik regresyon modeli.
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Loan Approval Probability Prediction Model
for Retail Loans

Abstract

TeklifimGelsin currently lacks a predictive system to evaluate the loan ap-
proval probability of its users. This leads to customer dissatisfaction and
inefficiencies in the bank application processes. To address this problem, we
developed a predictive model that estimates the probability of loan approval
for each customer-bank pair. Multiple machine learningmodels were imple-
mented and compared. In the final approach, a hybrid logistic regression
model was developed by combining logistic regression with interaction ef-
fects identified through decision tree analysis, improving both interpretabil-
ity and predictive performance. The model was tested using real data and
compared with the existing system. The results show that the model can
help guide users toward more suitable options and support more informed
decision-making during the application process.

Keywords: Credit score, loan approval prediction, financial data analysis,
machine learning algorithms, hybrid logistic regression model.

4.1 About the Company

TeklifimGelsin is a Turkey based financial service provider founded in 2020
that delivers personalized banking offers through digital platforms. The
company connects individual customers with banks, enabling users to com-
pare various financial products such as loans, deposit accounts, credit cards,
and business support options. It also provides investment calculation ser-
vices in collaboration with a digital investment platform.

TeklifimGelsin collaborates with multiple banks and financial institu-
tions to create a broad marketplace of financial offers, allowing users to
evaluate different options and select the most suitable one for their needs.

4.2 System Analysis

Currently, users can browse loan offers on TeklifimGelsin and apply to them
through the platform. TeklifimGelsin has an ideal process for users who
want to apply for financial products. In this process, users first create an
account and generate a credit report by sharing their personal and financial
information. This data is used to obtain the user’s Findeks score and is
combined with the platform’s own analysis to evaluate their financial sit-
uation. The result is shown as a letter grade from A (best) to E (worst),
and it is further supported with + or - signs based on the platform’s own
insights. The report also gives suggestions on how users can improve their
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financial status.

Loan approval probability
prediction model for retail loans|

Figure 4.1: Flow Chart of the System

In the real world, many users deviate from the ideal path. Some apply
without generating a credit report, while others ignore the information and
apply regardless of their financial status. As a consequence of this behavior,
users’ satisfaction with TeklifimGelsin is affected when their applications are
rejected, even though the banks make the final decision.

A critical observation from analyzing the platform’s data was that the
rejection-to-approval ratio in the historical dataset stands at approximately
12.2 : 1, which indicates that the majority of applications submitted through
the platform are ultimately rejected. This ratio shows the scale of the
mismatch between users and the loan products they apply for.

4.3 Problem Definition

After analyzing the system, the main problem TeklifimGelsin faces is iden-
tified as the lack of guidance in matching the right customer with the right
bank. Although many options are provided, the platform does not have
a systematic way to evaluate whether a user will be approved for a spe-
cific loan. This is mainly because the decision mechanisms of banks are
not known, and the importance of different customer attributes cannot be
clearly determined. TeklifimGelsin tries to address this through credit re-
ports based on Findeks scores, but these reports are not enough. As a
result, users apply for loans they are unlikely to be approved for, leading
to high rejection rates, lower user satisfaction, and inefficiencies for banks.
Therefore, the main goal of this project is to reduce customer dissatisfaction
by improving customer bank matching.
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4.4 Proposed Solution Strategy
4.4.1 Critical Assumptions

Six main assumptions are defined to guide the solution. First, it is assumed
that user data is complete and accurate. Second, the provided dataset is
assumed to represent the target population. Third, indirect applications
are excluded from evaluation. Fourth, it is assumed that users correctly
understand the chances of getting approval. Fifth, a user-specific accep-
tance threshold p is defined, which means that each customer only applies
if the approval probability is higher than their own willingness threshold.
Sixth, a standard decision threshold 7 is used for model classification and
performance evaluation. Applications with a predicted approval probability
greater than or equal to 7 = 0.5 are treated as accepted; otherwise, they
are rejected.

4.4.2 Constraints and Objective

The solution is developed under several constraints. The first constraint
is that TeklifimGelsin has no control over the bank or product selected by
the customer. The second is that the decision mechanisms and customer
data used by banks are not fully known, which limits the ability to model
approval decisions accurately.

The main objective of the project is to maximize the probability of
correct predictions by improving the accuracyof loan approval estimations.

4.4.3 Solution Approach
Conceptual Model

The solution takes each user’s personal profile, financial history, credit re-
port data, desired loan amount, and loan characteristics (maturity, interest
rate, bank) as input and calculates an estimated approval probability for
each available bank offer.

At the beginning, we tried four different machine learningmodels, which
are: Logistic Regression, Decision Tree, XG Boost, and Random Forest.
After consultation with academic and industrial advisors, a combined ap-
proach was chosen as the core modeling strategy. Rather than utilizing a
single machine learning algorithm, the hybrid logistic regression model com-
bines the strengths of two methods: clean visualization of significant vari-
ables and their interactions through decision tree and easy interpretability of
the logistic regression (Yang, 2024; Lotfi, 2024). In this approach, a hybrid
logistic regression model combines the interactions found by the decision
tree with a logistic regression model. This lets the model capture vari-
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able interactions while still being easy to understand, and gives approval
probability estimates for each customer bank pair.

Mathematical Model

Five machine learning models were implemented and compared on a dataset
of 55,120 loan application records (38 features) provided by TeklifimGelsin,
using a 70-30 train—test split. Each application is represented as a pair
(@, y®), where 2(¥) is the feature vector of customer and offer attributes,
and y® € {0,1} indicates rejection or approval.

Logistic regression model estimates the approval probability by applying
the sigmoid function to a linear combination of input features:

1
1 +exp (= (Bo + Biwy + Boxa + - - - + Buy))

p= (4.1)
Each coefficient ; captures the direction and magnitude of a feature’s ef-
fect on the log-odds of approval, making the model highly interpretable.
Parameters are estimated by minimizing the binary cross-entropy loss over
the training set.

The chosen model is a hybrid logistic regression model that proceeds in
two stages. First, a pruned decision tree is fitted to the training data. By
analyzing consecutive splits along the same branch of the tree where the
same pair of variables jointly drives classification outcomes, significant in-
teraction terms are identified. ANOVA tests are conducted to confirm that
each candidate interaction term provides a statistically significant improve-
ment (p-value < 0.05) before it is retained.

In the second stage, these interaction terms are added to the logistic
regression modelas additional engineered features. The resulting model is:

R 1
p =
1+ exp (— (ﬁo + 22 8% + 2 mer ijﬁfjxk))

(4.2)

where Z denotes the set of significant interaction terms identified by the de-
cision tree, and ;5 are the corresponding interaction coefficients estimated
during logistic regression fitting.

As discussed, a severe class imbalance was present in the dataset, with
rejected applications outnumbering approvals at a ratio of 12.2:1. To pre-
vent the model from defaulting to predicting rejection for all inputs, the
Synthetic Minority Oversampling Technique (SMOTE) is applied during
training, generating synthetic approved-application samples to balance the
class distribution. A classification threshold of 7 = 0.5 is used to convert
predicted probabilities into binary decisions.
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Seasonality Analysis

To assess the robustness of the model across different time periods, a sea-
sonality analysis was conducted on the historical data. The results revealed
that approval rates are higher at the beginning of the year and decrease in
the middle. At the bank level, different seasonal patterns were observed,
and banks were classified based on these patterns. To capture time-varying
effects, a rolling logistic regression model with a sliding window approach
was applied. However, the results were not statistically significant, mean-
ing that seasonalitydoes not have a strong impact on the model. Therefore,
the proposed hybrid logistic regression model is considered to be robust to
seasonal variations.

4.5 Validation

The model was validated to ensure the consistency between its predictions
and real outcomes from the historical data.

1. Data Splitting: We split the data given to us by TeklifimGelsin
by 70% to 30% for training and testing the model. This process en-
sured that the model was trained on a large sample of the dataset,
whereas the remaining portion was independently used for testing to
understand how well the model works in the unseen part of the data.

2. Confusion Matrix: We used a confusion matrix to look at the cor-
rect and incorrect predictions and find the false positives and false
negatives. It was also used to check the performance metrics.

3. Accuracy, Precision, Recall, F1-score Evaluation:Performance
was evaluated based on test set results, as large differences between
training and test performance may indicate overfitting. When ob-
served, these differences were analyzed in terms of class imbalance or

data noise.
Model Accuracy Precision Recall F1- Score
Decision Tree 80.10% 28.90% 82.30% 0.428
XG Boost 81.30% 26.10% 72.00% 0.383
Random Forest 77.40% 22.60% 74.10% 0.346
Logistic Regression 84.70% 18.50% 20.50% 0.195
Hybrid Model 76.90% 26.70% 89.60% 0.41

Figure 4.2: Comparison of Model Performance Metrics
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4. Cross Validation: We performed 10-fold cross-validation so that
we can evaluate the model’s performance and ensure it is stable. The
model was trained and tested on different subsets of the data, resulting
in an average accuracy of 90.95%

5. Expert Validation: We also validated the model through discussions
with our academic advisor and the company. Based on this feedback,
the hybrid logistic regression model was selected as the suitable ap-
proach.

4.6 Benchmarking

First, to evaluate the impact of the model, we tested it on historical data.
Regarding the company’s expectations, we worked with the users whose
approval probabilities are higher than p = 0.5. Consequently, disencour-
aging the users with approval probabilities less than p = 0.5 increased the
approval rate from 9% to 27.6% compared to the current system.

Secondly, the model was compared with the company’s internal predic-
tion system. The results showed that the model significantly improves key
performance metrics. In particular, recall increased from 28.8% to 61.5%.
This means that the model is significantly better at identifying approved
applications. In addition, the true negative rate also increased substan-
tially, from 45.7% to 72.4%, showing that the model is more successful in
correctly identifying rejected applications. These improvements show that
the model increased the correct prediction of approved and rejected applica-
tions. Such a significant improvement stems from the increased complexity
of our model compared to the company’s internal system in terms of the
variables considered.

4.7 Pilot Study

Following the model finalization, a pilot study was conducted in collabora-
tion with TeklifimGelsin to evaluate real-world performance on live platform
data. The model was applied internally by the company to a selected group
of customers. Users who were identified by the model to have high ap-
proval probabilities for specific loans were notified via push notifications to
encourage them to apply. The outcomes of these encouraged applications
were then tracked and assessed to determine whether the model’s high-
probability predictions result in real-world approvals.

During the pilot, the rejection-to-approval ratio was also monitored. The
implementation results aligned with the expectation of a decrease in the
ratio: the observed rejection-to-approval ratio dropped to approximately
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7.3:1, compared to the baseline of 12.2:1 in the historical data. This result
validated the model’s effectiveness in the real world.

4.8 Benefits to the Company

By offering loan options to customers based on predicted approval probabil-
ities and directing them toward loans with higher chances of approval, the
proposed system increases user satisfaction. Users focus on choices that are
a better fit for their profile instead of applying for loans at random and get-
ting rejected. Furthermore, by matching the right customer with the right
bank, the strength of the relationship between TeklifimGelsin and partner
banks may increase.

4.9 Conclusion

The project met the expectations of TeklifimGelsin and provided additional
insights into the approval likelihood of the applicant. A machine learning-
based probability prediction model, the hybrid logistic regression model,
increased the company’s success in identifying approved applications by
32.7% and rejected applications by 26.7%. Furthermore, the model lowered
the observed rejection-to-approval ratio from 12.2:1 to approximately 7.3:1.

The model is long-lasting, understandable, and easily adaptable with
minimal necessary data cleaning to the given dataset. Future work may in-
clude training the model on years-long data for further seasonality analysis
and omitting the proposals from the page for applicants with very low ap-
proval probability from specific banks to enhance the model’s effectiveness.
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Appendices

4.A Logistic Regression Model
Logistic Regression Model

Notation
o (z,y®) : Observation i, fori = 1,...,m
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o () = (xgi), . ,xg)) : Feature vector of observation i

e 4y € {0,1} : Binary outcome (1: approval, 0: rejection)
o 3= (Bo,P1,---,0n) : Model coefficients

e () : Linear predictor for observation i

e p') : Predicted probability of approval

e (W)(B) : Loss of observation i

e J(B) : Average loss

Model Definition:

‘ " ; » 1 .
Z(Z):,BO+ZﬁJ$§) and p(l):m \V/’&Zl,...,m
= +e
Objective Function:
1 & . . . .
min J = —— [ @ 10gp® + (1 — y®)1log(1 — p®
i J(B) = —— ; y D log p + (1 — y) log(1 — p)
Constraints:
B; €R Vi=0,1,...,n

4.B Top 5 Most Important Variables
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Ozet

Bu calisma, iiriin gesitliligi ve talep dalgalanmalarinin asir fazla mesai
ve ig yiikii dengesizliklerine yol agtigi Roketsan merkez ambarindaki ig
glicli planlama verimsizliklerini ele almaktadir. Caligma kapsaminda; ge¢cmis
is emirlerini zaman etiitleri vasitasiyla isglicli-saat verisine dontistiiren, is
yiikii ongoriisii igin Winter-Holt tiglii tissel diizlegtirme yontemini entegre
eden ve dinamik ig giicii ¢izelgeleme icin bir tamsayili programlama mo-
deli kullanan bir karar destek sistemi onerilmektedir. Gelistirilen ¢oziimiin,
fazla mesaiyi ve ig yluki dengesizliklerini azaltmada etkin bir ara¢ oldugu
gosterilmektedir.

Anahtar Soézciikler: Isgiicii planlama, Winter-Holt tahminleme, tamsay1
programlama.
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Warehouse Workforce Resource Planning
Abstract

This study addresses workforce planning inefficiencies at Roketsan’s central
warehouse, where product variety and demand volatility create excessive
overtime and workload imbalances. We propose a decision support sys-
tem (DSS) that translates historical work orders into labor-hours via time
studies, integrates Winter-Holt’s triple exponential smoothing for workload
forecasting, and utilizes an integer programming (IP) model for dynamic
workforce scheduling. The proposed framework minimizes total overtime
hours and ensures equitable work load distribution while strictly adhering
to Turkish Labor Law and operational constraints.

Keywords: Workforce planning, Winter-Holt’s forecasting, integer pro-
gramming.

5.1 Company Profile and Problem Definition
5.1.1 Company description

Established in 1988, Roketsan is a prominent international defense corpora-
tion and a cornerstone of Turkey’s military industry, specializing in rocket,
missile, and precision strike systems. To maintain production continuity
across its manufacturing systems, Roketsan relies heavily on its Ostim Cen-
tral Warehouse. This 10,000-square-meter facility serves as a critical lo-
gistical hub, receiving and storing raw materials, semi-finished goods, and
spare parts from numerous local subcontractors before they are dispatched
to the main production plants. The warehouse employs a total of 25 blue-
collar warehouse workers who manage daily operations including material
receiving, addressing, and order preparation.

5.1.2 System analysis and problem definition

The warehouse currently operates under highly volatile demand conditions.
Order inflows are often irregular and project-based, lacking prior infor-
mation regarding the physical characteristics or volume of the incoming
materials. Additionally, there is a tendency to keep excess inventory in
the warehouse, which leads to high occupancy rates and space limitations.
These conditions create severe bottlenecks in material movement and make
it nearly impossible for personnel to plan resource allocation in advance.
Consequently, the facility struggles to complete its daily workload within
regular working hours, leading to excessive and inequitable overtime among
the workforce.
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5.1.3 Deliverables and performance measures

To address this workforce planning inefficiency, this project develops a data-
driven DSS. The system utilizes a Winter-Holt time-series model to forecast
the upcoming weekly workload in labor-hours and integrates an IP model
to automatically optimize daily shift schedules. The primary performance
measures for this project are minimizing total overtime hours and reduc-
ing workload imbalance (variance in total weekly working hours) among
employees.

5.2 Solution System Design and Modeling

The proposed solution for Roketsan’s workforce planning challenges is a fast,
data-driven, and optimization-based DSS. The conceptual workflow begins
with the ingestion of six months of historical operational data, where past
work orders are translated into labor-hours by correlating task volumes with
standard times derived from on site time studies. This transformation is
essential for shifting from qualitative descriptions to the quantitative mod-
eling required for effective industrial engineering applications.

5.2.1 Forecasting model

To estimate the upcoming week’s daily workload (C}), the system utilizes
the Winter-Holt’s Triple Exponential Smoothing method, motivated by its
proven ability to align resource capacity with fluctuating demand in in-
dustrial environments. Specifically, the model’s additive seasonality and
damped trend configurations were selected following the methodology of
Nahmias and Olsen (2015) to decompose operational data into level, trend,
and seasonal components, ensuring that workload predictions are mathe-
matically grounded before being applied to resource allocation.

e y,: observed daily workload at day t,

l;: level component,

bs: trend component

e s;: seasonal component,

m = T: seasonal period of one week.

«, 3,: smoothing parameters for level, trend, and seasonality

¢: damping parameter (0 < ¢ < 1), which controls the decay of the
trend
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li=a(ys — st-m) + (1 — a)(lt—1 + dbi 1)
by = B(ly — li—1) + (1 — B)opbi_q
st =YW — lic1 — 1) + (1 = 7)St-m
The resulting h-step-ahead forecast is calculated by:

h
Uern = by + <Z ¢Z> by + St—m+h
i=1

The output of the forecasting model is a vector of six predicted daily
workload values corresponding to the next operational week (Monday—Saturday).
This C} becomes the primary input for the workforce optimization model
described in the next subsection.

5.2.2 Optimization model

The core of the system is an IP model designed to minimize total overtime
hours for the 25-person workforce while satisfying the forecasted daily work-
load. The choice of an IP framework is supported by established literature,
such as Winston (2004), which provides the foundation for formulating ob-
jective functions and constraints in workforce and capacity planning prob-
lems. The model assigns workers to discrete overtime tiers through binary
decision variables, ensuring that total available labor-hours meet or exceed
the daily forecasted demand. A critical feature of this approach is the in-
clusion of a fairness parameter (A), which limits the maximum difference
in total weekly working hours between any two employees to promote orga-
nizational justice and prevent fatigue. This balancing mechanism ensures
that the optimization results are not only efficient but also socially sustain-
able. Further the model emphasizes compliance with regulations set by the
Republic of Turkey, Ministry of Justice (2003) via the overtime limiting «
parameter.

Model parameters and decision variables:

e : = 1,2,...,25: Index representing each worker, where there are 25
employees in total.

e k = 1,2,3,4,5,6: Index representing the days of the week, corre-
sponding to Monday through Saturday.

1, if worker i works a regular shift on day k
o i =
* 0, otherwise
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, if worker ¢ works 1 hour overtime on day k
k= :
” 0, otherwise

v , if worker ¢ works 2 hour overtime on day k
[ ] ik —
2ok 0, otherwise

v 1, if worker ¢ works 3 hour overtime on day k
[ ] 1 =
Bk 0, otherwise

1, if worker ¢ works any amount of hours overtime on day k
0, otherwise

e ('} The total workload (in labor-hours) required to be completed on
day k.

e 7;: Total weekly working hours (regular + overtime) for worker i.

e A: Maximum allowed difference between total weekly hours of any
two workers.

e o: Maximum allowed weekly overtime hours per worker.

Objective function: The objective function minimizes the total amount
of overtime across all six working days.

25 6 25 6 25 6
min Z Z Yl»@k + 2 Z Z }/Z,i,k +3 Z Z }/B,i,k

i=1 k=1 i=1 k=1 i=1 k=1

Constraints:

25 25 25 25
75 Xin+ > Yiip+2> Vain+3> Yaiu>Ch, VE=1,2,...,6

=1 =1 i=1 i=1
}/vl,i,k—{_}/v?,i,k—{—}/é,i,k:Yi,ka Vi = 172a"'725Vk:172a"'76
Yip <1, Vi=1,2...,25Vk=12...6

X >Yip Vi=1,2...,25;Vk=1,2...,6
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6 6 6 6
T5Y Xie+ ) Yiar+2) Your+3) Ve =2, Vi=12,...,25
k=1 k=1 k=1 k=1

6
Z; <15 X+, Vii=1.2,...,25

k=1

Xi,k; le,i,ka }/272',’67 Yzi,i,k € {07 1}7 Vi = 17 27 S 7257 Vk = 17 27 s a6

5.2.3 Software environment

Regarding the technical implementation; the development, and solution of
these models required a multi-platform strategy tailored to the company’s
operational environment. While the initial data analysis, parameter fine-
tuning, and forecasting logic were developed using Python with libraries
such as statsmodels and PuLP+CBC, the final deliverable was transitioned
to a Microsoft Excel-based interface. This choice was motivated by the
company’s I'T security policies, which restrict external software installations.
Consequently, the decision support tool utilizes VBA for automated data
processing and OpenSolver as the primary optimization engine to solve the
IP model. This integrated platform ensures that warehouse managers can
manage data updates and generate feasible schedules within a familiar and
secure software environment, facilitating the seamless integration of the DSS
into Roketsan’s existing infrastructure.

5.3 System Validation and Benchmarking

To ensure the credibility and feasibility of our proposed DSS, we conducted
a broad validation process. This phase measured how our data-driven ap-
proach compares against Roketsan Ostim Warehouse’s manual planning,
proving the model’s logic and predictive accuracy under real-world condi-
tions.

5.3.1 Comparative analysis

Current scheduling relies on a manual, heuristic approach where overtime
is assigned without strict mathematical optimization procedures. Due to
volatile, project-based material flows, this method struggles to balance
workloads, leading to employee imbalances and excessive overtime.
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Our approach replaces experience-based decision-making with an IP op-
timization model. To prove its superiority, we used historical work orders
provided by our Industrial Advisor (TA), Mr. Tevfik Bugra Unsal. The
DSS successfully converted raw transaction data into labor-hours, gener-
ating an optimized, compliant workforce schedule without failures. Stress
tests confirmed that the system correctly identifies and prevents constraint
violations. By using real data, we demonstrated that our model eliminates
manual errors, adheres to Turkish Labor Law, and guarantees fair task dis-
tribution.

5.3.2 Validation of workload calculation

To further validate our data processing logic, we compared calculated his-
torical workloads against actual recorded overtime hours. By multiplying
historical work orders by our established time study standards, we derived
the total workload for past periods. Our findings showed that the calcu-
lated workload was marginally lower than the actual overtime hours utilized.
This small, consistent variance confirms that our methodology for calculat-
ing labor requirements through time studies is accurate and reflects the true
operational demands of the warehouse.

5.3.3 Forecasting model validation

A core advantage of our system is anticipating workload rather than re-
acting to it. To validate our Winter-Holt’s Exponential Smoothing engine,
we employed a back-testing methodology. We split the historical dataset
into two: 24 weeks for training and 1 for testing. Comparing predicted
labor-hours against actual workloads yielded a Mean Absolute Percentage
Error (MAPE) of 19.7%. In forecasting a MAPE below 20% is generally
considered successful. This validates that our forecasting module provides
a reliable, mathematically grounded input.

5.3.4 Optimization model robustness and face validity

Face Validity sessions with Mr. Unsal confirmed that the model’s con-
straints accurately mirror actual operational boundaries and legal obliga-
tions. Furthermore, we subjected the IP model to various tests to prove its
mathematical and logical validity.

5.3.5 Scalability and future adaptability

The system’s success is not merely a curve-fit; it is highly generalizable. The
forecasting engine uses a “rolling window” approach, automatically adapt-
ing to new trends as weekly data is updated. Additionally, parameters
like workforce size and overtime limits are adjustable via an Excel inter-
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face, allowing the DSS to adapt to warehouse expansions or policy changes.
Consequently, the benefits of minimized overtime, legal compliance, and
workload equity will translate to Roketsan’s daily operations for years to
come.

5.4 Integration and Implementation
5.4.1 Integration strategy

The integration of the DSS into Roketsan’s infrastructure is designed to be
non-intrusive and fully compliant with the strict security protocols and IT
policies of the defense industry.

e Excel based environment: To bypass restrictions on external soft-
ware installations, the system is implemented entirely within Mi-
crosoft Excel using VBA. This ensures that authorized personnel can
execute the models on corporate workstations without requiring ad-
ministrative privileges or external library dependencies.

e Optimization via OpenSolver: The IP model utilizes Excel Solver
structures and is solved using the OpenSolver add-in. This config-
uration was confirmed by the company to be compatible with their
existing I'T infrastructure.

e Standardized data interface: A dedicated Excel template facili-
tates the transfer of historical work orders and time study data from
the company’s current systems.

e Automated workflow: The DSS is programmed to automatically
read the standardized input files, process historical data into labor-
hour requirements, and generate the necessary C} workload inputs to
produce the final weekly overtime schedule.

This streamlined approach transforms the scheduling process into an
automated, data~-driven operation that remains adaptable to future changes
in workforce size or warehouse layout.

5.4.2 Pilot study: shadow implementation phase

A one-week “Shadow Implementation” (Parallel Run) has been conducted
to validate the performance of the VBA-based DSS in a live environment
without disrupting daily operations. This phase is designed to ensure the
system is technically functional and capable of handling live data streams
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from the warehouse. During this period, the DSS operated in the back-
ground, ingesting real-time work orders and generating optimization sched-
ules while the warehouse continues to be managed manually. This method-
ology allows for a direct quantitative comparison of “Total Overtime Hours
Assigned” and “Worker Load Balance” between the manual and optimized
systems. Following the pilot, a review meeting was held with the IA to
refine the model’s constraints based on these real-world results.

5.5 Benefits to the Company

The implementation of the proposed workforce optimization system tran-
sitions the warehouse from a manual, heuristic-based scheduling approach
to an automated, data-driven operation, offering several key benefits to
Roketsan:

e Reduction in total overtime (Cost efficiency): By rigorously
forecasting the daily workload and optimally allocating shifts, the
system minimizes unnecessary overtime hours. This direct reduction
in excess labor hours is expected to lower operational costs. Retro-
spective analysis using historical data provided by the IA indicates
that the proposed methodology could achieve an 11% reduction in to-
tal overtime hours compared to existing manual practices within the
analyzed period.

e Workload equity and employee satisfaction: The system in-
corporates a balancing parameter (A = 5 hours) to ensure a fair
distribution of total weekly working hours among the 25 warehouse
workers. This constraint addresses a significant inequity in the cur-
rent manual scheduling process, where the average weekly discrepancy
between the most and least overtime-assigned employees is observed
to be 25 hours (80% decrease). By drastically reducing this variance,
the equitable task distribution significantly enhances employee morale,
prevents worker fatigue, and promotes organizational justice.

e Increased operational focus: Automating the complex task of shift
planning frees up valuable time for warehouse management and en-
gineers. The transition from manual scheduling -which previously
required several hours of administrative effort each week- to the auto-
mated DSS allows optimal schedules to be generated within minutes.
This shift enables personnel to focus on continuous process improve-

ments and strategic initiatives rather than repetitive scheduling over-
head.
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5.6 Conclusion

This project has successfully developed a data-driven DSS to address the
workforce planning and workload distribution challenges at Roketsan’s cen-
tral warehouse. By transitioning from a manual scheduling approach to an
[P-based framework, the project satisfies the organization’s primary expec-
tations of predictability and improvement in working conditions.

The integration of Winter-Holt’s triple exponential smoothing for fore-
casting and the IP model for scheduling ensures that resource allocation
is both mathematically grounded and legally compliant. The proposed
system directly addresses the identified problem of excessive overtime by
minimizing unnecessary labor hours and promoting organizational justice
through the equitable distribution of tasks among the 25-person workforce.
Furthermore, by implementing the solution within a secure, Excel-based
environment using VBA and OpenSolver, the project adheres to the com-
pany’s strict I'T security protocols while providing a user-friendly interface
for warehouse managers.
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6 Fabrika 6 Malzeme Dagitim Agi
Eniyilemesi

Beko Buzdolabi i§letmesi

Proje Ekibi )
Buket Ay, Berke Ekinci, Yigit Eyi, Cagan Berkin Oztiirk,
Tuna Pulak, Musa Cagan Terzioglu, Selin Dila Uslu

Sirket Danigsmanm Akademik Danigman
Hiiseyin Coker Dog. Dr. Firdevs Ulus
Kidemli Uzman Miihendis Endiistri Mithendisligi Bolimii

Ozet

Bu proje, Beko Buzdolab: Isletmesi Fabrika 6’daki ic lojistik sisteminde,
gercek malzeme akig desenlerine dayali otomatik yonlendirmeli arac¢ hat
yonlerinin eniyilenmesine odaklanarak kritik bir verimsizligi ele almaktadir.
Sorunun ¢o6ziimii i¢in problem, bir “Agirlikli Cizge Yonlendirme Modeli”
olarak formiile edilmis; en kisa yol analizi ve benzetim teknikleriyle en-
tegre edilerek sistematik bir ¢oziim gelistirilmistir. Elde edilen sonuclar, fi-
ziksel yerlesimi degistirmeden sadece hat yonlerinin eniyilenmesinin operas-
yonel performans ve maliyet verimliliginde onemli iyilegsmeler sagladigim
kanitlamaktadir. En dikkat cekici gelisme, ortalama arag sefer siiresinin
37,55 dakikadan 33,63 dakikaya diigiiriilerek yaklagik %10,45 oraninda
azaltilmasidir. Ayrica, Cift-Kapih tiretim hattinda %11,28, Cok-Kapili tire-
tim hattinda ise %4,74 oraninda seyahat mesafesi tasarrufu saglanmistir.

Anahtar Soézciikler: Fabrika I¢i Lojistik Eniyilemesi, Serit Yonii Kon-
figiirasyonu, Agirhikli Cizge Modeli, Seyahat Mesafesinin Minimizasyonu
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Factory 6 Optimization of the Material
Distribution Network

Abstract

This project addresses a critical inefficiency in the internal logistics sys-
tem of Factory 6 by focusing on the optimization of AGV lane directions
based on actual material flow patterns. By formulating the problem as a
Weighted Arc Orientation Model (WAOM) and integrating it with shortest-
path analysis and simulation, a systematic solution has been developed. The
results demonstrate that optimizing lane directions alone, without altering
the physical layout, can lead to significant improvements in both operational
performance and cost efficiency. Most notably, the optimized configuration
achieves a reduction of approximately 10.45% in average AGV round-trip
time, decreasing from 37.55 minutes to 33.63 minutes, alongside travel dis-
tance reductions of 11.28% and 4.74% for the Double-Door and Multi-Door
production lines, respectively.

Keywords: Intralogistics Optimization, Lane Direction Configuration,
Weighted Arc Orientation Model, Travel Distance Minimization

6.1 Beko and Problem Identification
6.1.1 Company Description

Beko operates a specialized refrigerator manufacturing facility at Factory 6
in Eskigehir. The internal logistics network currently utilizes one AGV wait-
ing station, three supermarkets, and two distinct production lines (Double-
Door and Multi-Door) to manage material flow. Despite using a multi tiered
trigger system and a hybrid model of manual and automated processes, the
facility faces significant efficiency hurdles. High product variance on these
assembly lines introduces supply complexities, making logistical precision
essential for maintaining steady production.

6.1.2 Current System Analysis and Problem

The operational data provided by Beko describes the material handling ac-
tivities within Factory 6, focusing specifically on AGV operations for the
double-door and multi-door production lines. Currently, the factory uti-
lizes a fleet of 13 active AGVs responsible for 40% of material movements,
supplemented by an Automated Storage and Retrieval System (ASRS) and
manual forklift operations. The material replenishment process is governed
by a multi-level trigger system where a 90 minute stock alert moves parts
from the ASRS to the supermarkets, and a 45 minute alert triggers AGV
transport to specific workstations.
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Detailed analysis reveals that the core problem is a suboptimal lane di-
rection configuration that does not reflect historical flow patterns, leading
to inefficient routing decisions. This misalignment forces vehicles to follow
indirect routes to frequently visited stations, which results in the underuti-
lization of the fleet and unnecessary total travel distance. These inefficien-
cies manifest as production bottlenecks where workstations wait for parts,
as well as increased operational costs driven by higher energy consumption
and accelerated mechanical wear on the AGVs. Furthermore, the existing
road directions fail to provide a coordinated flow for the planned expansion
to 23 AGVs and the updated layout featuring three distinct supermarkets.

6.2 Proposed Solution Strategy

The proposed strategy focuses on redesigning the lane-direction configura-
tion of Factory 6’s internal logistics network to minimize total AGV travel
distance and enhance vehicle utilization. By formulating a Weighted Arc
Orientation Model (WAOM), the project determines the optimal direction
for each road segment based on the frequency of material cycles between
the waiting area, three supermarkets, and production stations. This ap-
proach ensures that the lanes with the highest traffic volume are assigned
the most direct and efficient directions, effectively tailoring the network to
actual operational needs (Le-Anh and De Koster, 2006).

6.2.1 Critical Assumptions

The model is grounded in the updated factory layout provided in Febru-
ary, which incorporates a three-supermarket configuration. It assumes that
all AGV cycles follow a fixed sequence: departing from the AGV waiting
area (D), traveling to a designated supermarket for pickup, proceeding to a
production station for delivery, travelling to crate handling area and return-
ing to the waiting area (D) to receive new orders. Furthermore, demand
weights for each station are derived from a detailed data analysis of the
Bill of Materials (BOM) to accurately reflect the intensity of visits to each
point.

6.2.2 Solution Approach

The solution approach is entirely data-driven, utilizing a mathematical op-
timization model implemented in Python with PuLLP Solver to determine
lane orientations. To capture demand intensity, a station weight parameter
(w,) is calculated based on station visit frequency data (Refer to Figure
6.1), representing exactly how often each location is visited by the AGVs.
The specific demand frequencies used to feed the model, categorized by the
Double-Door (DD), Multi-Door (MD), and Glass-Vegetable Drawer (CS)
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Figure 6.1: Frequency of each station from each Supermarket

The resulting optimized configuration is verified through shortest-path
calculations using Dijkstra’s algorithm and validated against historical per-
formance to ensure the new directions provide a measurable improvement
over the current layout.

6.2.3 Mathematical Model
Sets
e D: Set of AGV waiting area nodes.

e SM: Set of Supermarket pickup nodes.

S: Set of production line stations.

e N=DUSMUS: Set of all nodes.

E C{{i,j}|1i,7 € N}: Set of undirected physical road segments.

A={(,j) | {i,j} € E}: Set of candidate directed arcs.

e R C N x N: Set of required Origin-Destination pairs (a,b), where a
is the origin and b is the destination. The set is defined as:

R={(d,sm)|de D,sme SM}U{(sm,s)|smeSM,seS}U{(s,d) |
se S,de D}
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Parameters

e ¢;;: Travel distance on directed arc (7,7) € A.
e wy: Demand weight for required pair (a,b) € R.

e M: A sufficiently large constant.

Decision Variables

X, — 1, if the r?ad is open in direction ¢ — 7, (i, j) € A
0, otherwise,
F{;b _ 1, if the Path from a to b uses arc i — 7, (i, j) € A, Y(a,b)
0, otherwise,
Objective Function
min Z Z Wap i F; ab
(a,b)ER (i,5)€A
Constraints
Xii+X;=1 Yi,jt€E
1, ifi=a
Z Feb — Z Ff={ -1, ifi=b  Vie N, V(a,b)€R
J:(i,5)€EA Ji(4i)eA 0, otherwise

FfP < MX;; V(i,j) € AV(a,b) € R
Xij € {07 1} V(Z,]) € A

ab . .
F e {0,1} V(i j) € A,V(a,b) € R
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Figure 6.2: Output From the Mathematical Model

6.3 Verification

The verification phase was carried out to confirm the correctness and reli-
ability of the proposed optimization model, as well as to ensure the proper
implementation of the Arena simulation model employed in the subsequent
validation stage under real factory conditions.

First, the mathematical optimization model and its Python implemen-
tation, solved using Gurobi, were tested using both simplified and expanded
network structures. In reduced cases where the optimal solution was known,
the model correctly identified the minimum-cost paths; in more complex
scenarios, it maintained consistent behavior, demonstrating robustness. As
part of the constraint feasibility test, the solution was systematically eval-
uated after solving the optimization model to ensure that all constraints
were satisfied, including valid direction assignments, binary decision vari-
ables, and flow conservation conditions. After verifying the correctness of
the optimization model, its output was used as an input to a Python-based
implementation of Dijkstra’s algorithm, which computes the shortest path
distances between all node pairs. These distances were then used as in-
puts for the Arena simulation model. The Dijkstra algorithm was verified
by comparing its outputs with manually calculated shortest paths, which
matched exactly, confirming accuracy. Additional tests further showed that
the algorithm correctly respects direction constraints and produces consis-
tent results across repeated runs. The Arena simulation model, built to
represent factory operations under both current and optimized lane direc-
tions, was verified through controlled experiments to ensure its correctness
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before use in the validation phase. A distance scaling test confirmed that
travel times vary proportionally with distance, while sensitivity, extreme
value, and replication tests demonstrated the model’s reliability and ro-
bustness. Overall, the verification results confirm that all components of
the model are correctly implemented and internally consistent.

6.4 Validation

To evaluate the accuracy and real-world applicability of the proposed so-
lution, a validation process was conducted using both simulation and real
system data. In the first phase, historical AGV data was divided into 30
batches and average round-trip times were calculated to form a represen-
tative dataset, which was then replicated in the Arena simulation model
(See Figure 6.4) to obtain comparable simulated results; these two datasets
were compared using a paired t-test at a 95% confidence level, and the
results showed no statistically significant difference between historical and
simulated data, confirming that the simulation model accurately represents
real system behavior. In addition to statistical validation, performance
comparisons between the current and optimized layouts demonstrated clear
improvements, as both real data analysis and simulation results indicated
reductions in total travel distance and average travel time under the opti-
mized configuration.
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Figure 3: Arena Simulation Model
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Table 6.1: Validation Results — Time Comparison

Scenario Average (minutes)
Current Layout 37.55 minutes
Optimized Layout 33.63 minutes

Table 6.1 summarizes the impact of the proposed model on the average
cycle time of the AGVs. By implementing the optimized lane direction con-
figuration, the average travel time per cycle is reduced from 37.55 minutes

to 33.63 minutes.
Table 6.2: Validation Results — Distance Comparison

Road Directions Total Distance (meters)
with Current Road Directions- DD 19,046,080.00

with Optimized Road Directions- DD 17,119,360.00

with Current Road Directions- MD 536,948.00

with Optimized Road Directions- MD 511,504.00
Improvement- DD 11.28%
Improvement- MD 4.74%

Table 6.2 presents the total travel distance comparison between the cur-
rent and optimized road direction configurations for both the Double-Door
(DD) and Multi-Door (MD) production lines. These results confirm that
the optimized lane direction configuration delivers measurable distance re-
ductions across both production lines without any physical modifications to
the factory layout.

In the second phase, field observations and company feedback were incor-
porated to assess practical applicability, and the company confirmed that
the proposed lane directions and overall approach align with operational
expectations and are suitable for implementation. Overall, the validation
results demonstrate that the model is both accurate and practically appli-
cable, providing meaningful operational improvements.

6.5 Decision Support System

To enhance the practical applicability of the proposed solution and ensure
its usability in real operational settings, a Decision Support System (DSS)
was developed to automate the optimization process and support future
decision-making. The system is designed to work directly with company
data, where users first upload an Excel file containing trip and station in-
formation together with the AutoCAD layout file of the factory (See Figure
6.3). Based on the uploaded data, the DSS automatically calculates station
visit frequencies and constructs a frequency matrix, which is then used as
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demand weights in the mathematical optimization model. Using this input,
the system runs the optimization model and generates the optimal lane di-
rection configuration for the given layout. The final output is presented as
an updated factory layout with optimized road directions (See Figure 6.2),
allowing the company to directly visualize and evaluate the improved sys-
tem. This structure enables the DSS to be flexible and reusable for different
layouts and demand conditions, eliminating the need for manual model im-
plementation. As confirmed by the company, the system is planned to be
actively used in future operations, supporting more efficient intralogistics
planning and data-driven decision-making.

[ Adim 1: Veri Yiikle

Excel Dosyasi (istasyon Agirliklari) DXF Dosyasi (AGV Ag Diizeni)

Excel dosyasin siirikle & birak veya seg @ AutoCAD DXF dosyasini siiriskle & birak veya seg

Drag and drop file here - Dragand dropfile here [ P 1

F6_DD_MD_Malzeme_v2.xlsx 227.0k8 x Beko AGV Routes ezdxf.dxf 435.1x b4

& DXF yiiklendi — 66 diigiim, 78 yol segmenti — seko AGY Routes ezdxf.dxf

* Dosya Adi il DosyaBoyutu Sayfa Seq

F6_DD_MD_Malzeme_v2... 221.7 KB Sayta 1: Data v

& Istasyon Agirliklanini Gikar

Figure 6.3: Decision Support System Interface

A “README?” file was also provided to help the user navigate the deci-
sion support system and standardize the data in order to get the intended
outcomes.

6.6 Benefits to the Company

The proposed solution provides significant operational and financial benefits
to the company by improving the efficiency of the internal logistics system
without requiring any physical changes to the factory layout. By opti-
mizing lane directions based on actual material flow, the system reduces
unnecessary AGV movements, leading to a measurable decrease in total
travel distance and average transportation time. As demonstrated through
both simulation and real data analysis, the optimized configuration results
in a reduction of travel distance in both production lines and an overall
decrease of approximately 10% in average travel time. These improvements
directly contribute to increased system efficiency, reduced workstation idle
times, and better utilization of the AGV fleet. In addition to operational
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gains, the company benefits from reduced energy consumption, resulting in
annual energy savings of approximately 8,631.89 kWh and a corresponding
cost reduction of around 36,685 TL, representing an improvement of about
11%. Furthermore, the integration of the Decision Support System enables
the company to continuously adapt the model to changing layouts and de-
mand conditions, supporting long-term, data-driven decision-making and
eliminating the need for manual optimization efforts.

6.7 Conclusion

This project addresses a critical inefficiency in the internal logistics system
of Factory 6 by focusing on the optimization of AGV lane directions based
on actual material flow patterns. By formulating the problem as a Weighted
Arc Orientation Model and integrating it with shortest-path analysis and
simulation, a data-driven and systematic solution has been developed. The
results demonstrate that optimizing lane directions alone, without altering
the physical layout, can lead to significant improvements in both opera-
tional performance and cost efficiency. Through a rigorous verification and
validation process, the model has been shown to be both internally consis-
tent and representative of real system behavior. The observed reductions in
travel distance are complemented by a substantial decrease in average cycle
time; which dropped from 37.55 to 33.63 minutes, a 10.44% improve- ment
that directly enhances fleet throughput. This reductions in travel distance,
transportation time, and energy consumption highlight the prac- tical im-
pact of the proposed approach. Furthermore, the development of a Decision
Support System ensures that the solution is not limited to a single imple-
mentation but can be continuously adapted to future changes in layout and
demand conditions. Overall, the project provides a scalable and sustainable
framework for improving intralogistics operations, offering both immediate
benefits and long-term strategic value to the company.

Bibliography

Le-Anh, T. and R. De Koster (2006, May). A review of design and control
of automated guided vehicle systems. FEuropean Journal of Operational
Research 171(1), 1-23.

65



7 Tllikit Menkul Kiymetleri Getiri
Egrisi ile Degerleme Modeli
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Proje Ekibi
Sevval Arslan, Ali Emre Bayraktar, Ismail Tuna Cakmak,
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Ege Kagar ve Samet Ozben

Ozet

Bu proje, Tiirkiye’deki 6zel emeklilik sisteminde likit olmayan sabit getirili
menkul kiymetlerin degerlemesindeki tutarsizliklar: ele almaktadir. Mevcut
yontemlerin eski iglem fiyatlarina dayanmasi, piyasa kogullarini yansitmayan
sistematik fiyat sapmalarina yol agmakta; yapisal bir kilitlenme etkisi
yaratmakta ve katilimcilarin mevcut piyasa kosullarinin sundugu maksi-
mum getiriyi elde etmesini engellemektedir. Bu soruna ¢oziim olarak, Nel-
son—Siegel-Svensson (NSS) modeli temelli bir getiri egrisi gergevesi 6ne-
rilmektedir. Bu yaklagim, tiim menkul kiymetlerin ortak bir yontemle
degerlenmesini saglarken 6znel uygulamalari, adaletsiz servet transferini ve
arbitraj firsatlarini azaltmaktadir.

Anahtar Sozctikler: Getiri Egrisi, Sabit Getirili Menkul Kiymetler, Ozel
Emeklilik Sistemi, Illikidite, Likidite, Degerleme, Nelson Siegel Svensson
Modeli, Spot Oram
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Yield Curve—Based Valuation Model for
Illiquid Securities

Abstract

This project addresses valuation inconsistencies in illiquid fixed-income se-
curities within Tiirkiye’s private pension system. Existing methods rely
on stale transaction prices, producing systematic mispricing that discour-
ages portfolio rebalancing through a structural lock-in effect and prevents
individual pension system participants from receiving the maximum re-
turn that current market conditions can offer. To address this, a yield
curve-based framework is proposed, based on the Nelson—Siegel-Svensson
(NSS) model, which provides a transparent and systematic representation
of the term structure of interest rates. By valuing all securities under a
common methodology, the framework reduces subjective inputs, eliminates
arbitrage opportunities, and ensures fair and comparable outcomes across
the pension system.

Keywords: Yield Curve, Fixed-Income Securities, Private Pension Sys-
tem, Illiquid, Valuation, Nelson-Siegel-Svensson Model, Liquid, Spot Rate.

7.1 Company Information

The Pension Monitoring Center (PMC) is the central regulatory body re-
sponsible for monitoring, data management, and coordination of Tiirkiye’s
private pension system. Operating under the authority of the Ministry of
Treasury and Finance, PMC plays a key role in maintaining the stabil-
ity, transparency, and reliability of the system (Emeklilik Gézetim Merkezi,
2025).

The private pension system, formally known as the Individual Pension
System (IPS), was established in 2003 as a long-term savings and investment
mechanism. Its primary purpose is to supplement public pension income by
providing individuals with an additional source of retirement savings. PMC
collects and maintains detailed records on participants, pension funds, con-
tracts, and financial transactions, and delivers reporting support to relevant
regulatory authorities, including the Insurance and Private Pension Regula-
tion and Supervision Authority and the Capital Markets Board of Tiirkiye.

Through its Fund Monitoring Platform (FMP), PMC conducts daily
oversight of pension funds and verifies the accuracy and consistency of
asset valuations. The system currently serves approximately 17.5 million
participants across 382 active pension investment funds, of which 347 con-
tain fixed-income securities (FIS) such as government and corporate bonds.
Given the scale of the system and the widespread presence of these instru-
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ments, accurate and consistent valuation of FIS is essential for participant
fairness, transparent fund reporting, and effective regulatory oversight.

7.2 Current System and the Problem

The current valuation framework permits two different methods for pricing
fixed-income securities (FIS). Although these methods differ in their cal-
culation procedures, both rely on the most recent observed trade price to
compute an internal rate of return (IRR), which is then used to discount
future cash flows. As a result, both approaches are heavily dependent on
the last recorded transaction price and may fail to capture current market
conditions, particularly for securities that trade infrequently.

The current valuation framework relies on last trade prices, which creates
significant distortions when market conditions change. Bonds purchased in
low-interest-rate environments are priced at higher levels at lower market
interest rates, but as the interest rates increase, the system continues to use
these outdated prices as a reference. This results in systematic overvalu-
ation, as the decline in the time value of money is not properly reflected.
The problem is more pronounced for illiquid securities, where the absence
of recent trades prevents price correction. Consequently, valuations devi-
ate from market-consistent levels and reduce comparability across funds.
This mispricing creates a structural lock-in effect: fund managers are dis-
couraged from selling overvalued securities, as doing so would immediately
reduce reported fund values. This behavior further suppresses trading ac-
tivity, deepening market illiquidity over time. Ultimately, pension system
participants bear the cost of this dynamic, earning systematically lower
returns than what current market conditions would otherwise support.

In addition, differences in valuation timing, methodology, and discre-
tionary inputs across fund management companies produce inconsistent
pricing of identical securities. This lack of standardization reduces cross-
fund comparability and creates conditions conducive to arbitrage and unfair
wealth transfers between participants.

The central problem addressed in this project is therefore the absence of
a standardized, market-consistent valuation framework for illiquid FIS. A
model-based approach is needed to reduce dependence on stale transaction
prices, restore market efficiency, and ensure that pension system partici-
pants receive fair returns that accurately reflect current market conditions.

7.3 Model and Proposed System

To address the valuation inconsistencies identified in the current system, a
yield curve-based valuation framework is proposed. The proposed frame-
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work is developed in line with international best practices, supporting Tiirkiye’s
alignment with the International Financial Reporting Standards (IFRS),
while remaining consistent with the valuation approaches adopted by in-
stitutions such as the European Central Bank (ECB). A yield curve repre-
sents the relationship between interest rates and maturities and provides a
continuous term structure that can be used to discount future cash flows
consistently across all securities.

Within this framework, the Nelson-Siegel-Svensson (NSS) model is se-
lected to represent the term structure of interest rates. The NSS model
provides a flexible yet parsimonious functional form that captures the level,
slope, and curvature of the yield curve. Its widespread adoption by cen-
tral banks and regulatory institutions, together with its ability to generate
smooth and interpretable curves under limited data availability, makes it
particularly suitable for markets. The base yield curve is constructed ex-
clusively from liquid fixed-rate government bonds, ensuring that the term
structure reflects reliable and current market information.

7.3.1 Mathematical Model

The mathematical framework consists of three main components: cash flow
construction, yield curve modeling, and parameter estimation. For each
bond, future cash flows are constructed based on its contractual charac-
teristics, including maturity, coupon rate, and payment frequency (see Ap-
pendix 7.A.1). The time to each payment is calculated using a year fraction
convention, ensuring consistency in maturity representation.

The term structure of interest rates is modeled using the NSS specifica-
tion (see Appendix 7.A.2), which represents yields as a smooth function of
maturity and captures the level, slope, and curvature of the yield curve. The
model parameters are estimated by minimizing the sum of squared errors
(SSE) between observed market prices and model-implied bond prices (see
Appendix 7.A.5). To improve robustness, the optimization is performed
over liquid government bonds only, defined as those with recent trading ac-
tivity within a specified liquidity threshold. Maturity-sensitive weighting is
also incorporated to prevent long-term bonds from disproportionately influ-
encing the calibration. Once calibrated, the resulting yield curve is used to
compute discount factors (see Appendix 7.A.3) and value all securities in
the portfolio (see Appendix 7.A.4).

7.3.2 Proposed System

The proposed system introduces a standardized and automated valuation
framework to replace the fragmented structure of current practice. By re-
lying on a common yield curve as the reference, the system ensures that
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securities with identical cash flow structures are valued consistently across
all fund management companies. The automated pipeline integrates data
input, parameter estimation, and valuation within a single structure, re-
ducing operational errors while improving auditability and reproducibility.
The modular design of the framework allows the system to be extended
to different instrument types without altering the core structure, maintain-
ing both consistency and flexibility. Overall, the proposed system provides
a scalable, transparent, and regulator-aligned solution for the valuation of
illiquid FIS.

7.4 Validation of the Approach

To evaluate the performance of the proposed framework, a controlled val-
idation study is conducted using government bonds with known market
prices. These bonds are deliberately treated as illiquid by withholding their
most recent prices from the model, and instead supplying older transaction
prices as inputs to the existing valuation methods. This setup allows for a
direct and observable comparison between the two approaches under iden-
tical conditions, as the true market price serves as the reference for error
measurement.

Valuation accuracy is measured using Mean Absolute Percentage Error
(MAPE), which expresses the average deviation between model-implied and
observed market prices as a percentage. MAPE is selected as the primary
metric because it is scale-independent and allows consistent comparison
across bonds with different price levels.

The results indicate that the proposed NSS-based framework produces
substantially lower valuation errors compared to the existing methods. This
improvement stems from the model’s reliance on a yield curve calibrated
from current market data, rather than on outdated last-trade prices. De-
tailed numerical results and bond-level comparisons are in Section 7.6.

7.5 Integration and Implementation

The proposed framework is implemented as a web-based decision support
tool designed to standardize the valuation of FIS within pension fund man-
agement as seen in Figure 7.1. The system is structured to be integrated
into the Fund Monitoring Platform (FMP) while also supporting standalone
use by individual fund management companies.

The implementation process begins with data input. Users upload a
bond cashflow file in a predefined Excel format containing bond-level at-
tributes such as coupon structure, maturity, and trading history. Following
the data upload, users specify the valuation date and liquidity threshold.
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Figure 7.1: Decision Support System

The liquidity threshold determines which bonds are considered sufficiently
active for yield curve calibration.

Once the inputs are confirmed, the system automatically calibrates the
NSS model using the selected liquid government bonds and constructs the
base yield curve. The calibrated curve is then applied to value all securities
in the dataset. As outputs, the system provides the optimized NSS pa-
rameters, a visualization of the fitted yield curve, and the calculated bond
prices, all of which can be exported in Excel format for further review and
reporting purposes.

This design ensures reproducibility, scalability, and auditability, making
the system well-suited for regulatory oversight and systematic implementa-
tion across the pension fund ecosystem.
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7.6 Benchmarking

The proposed NSS-based valuation framework is benchmarked against the
current system using 35 bonds traded in 2026. The comparison is based on
valuation accuracy, measured by Mean Absolute Percentage Error (MAPE).
Results show a clear improvement in performance. The average MAPE of
the current system is 9.61%, whereas the NSS model reduces this to 6.98%,
corresponding to an improvement of approximately 27%.

In addition, forward comparisons using updated market prices indicate
that NSS-based valuations are closer to subsequent realized prices. This
indicates that the model not only improves valuation accuracy but also
captures the underlying term-structure dynamics more effectively. Overall,
the results demonstrate that the NSS framework provides more accurate,
stable, and economically consistent valuations compared to the existing ap-
proach, especially for illiquid fixed-income securities.

7.7 Benefits to the Company

The proposed framework delivers measurable benefits to both PMC and the
broader pension ecosystem. The NSS-based approach reduces average valu-
ation error by approximately 27% compared to existing methods, providing
a quantifiable improvement in pricing accuracy.

By ensuring that securities are priced at market-consistent values, fund
managers are no longer discouraged from rebalancing their portfolios in
response to changing market conditions. This restores trading activity, im-
proves overall market liquidity, and most importantly, ensures that IPS
participants receive the maximum return that current market conditions
can offer.

From PMC’s perspective, the framework reduces reliance on fund-reported
inputs and manual valuation practices, lowering the risk of operational er-
rors and misreporting. Its transparent and reproducible structure strength-
ens auditability and supports more effective regulatory oversight, while
eliminating cross-fund pricing discrepancies and preventing unfair wealth
transfers between participants.

7.8 Conclusions and Future Work

This project proposes a yield curve-based valuation framework to address
the structural limitations of current valuation practices in Tiirkiye’s private
pension system. The existing reliance on stale transaction prices produces
systematic mispricing of illiquid fixed-income securities, creating a lock-in
effect that suppresses market activity and prevents IPS participants from
receiving the maximum return that current market conditions can offer.
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The proposed NSS-based framework replaces this approach with a market-
consistent term structure, achieving a 27% reduction in average valuation
error while establishing a standardized, transparent, and reproducible val-
uation process across the pension system.

Future work may focus on automating the calibration of the liquidity
threshold using data-driven approaches, adding a sector-specific risk pre-
mium for corporate bonds on top of the base curve to account for credit-
related characteristics, and developing a more structured methodology for
estimating sector-specific credit and liquidity spreads for corporate bond
valuations.
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Appendices

7.A Mathematical Model
7.A.1 Time and Cash Flow Structure
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Ithal Ham Madde Tedarik 8

Stuireclerinin Eniyilestirilmesi

Eti Gida

Proje Ekibi
Erkin Asan, Arda Bayrakci, Azra Ceren Durmus, Mert Ertunga Ekizce,
Ahmet Efekan Ersoy, Omer Kivang Tanriverdi, Sahra Yalcin

Sirket Danigmani Akademik Danigman
_Irmak Celikkol Calskan Dog. Dr. Ayse Selin Kocaman
Uretim Planlama Yoneticisi Endiistri Miithendisligi Boliimi

Ozet

Bu proje, teslim siiresi belirsizligi, degisken talep ve operasyonel
karmagikligin neden oldugu yiiksek stok maliyetlerini, acil sevkiyatlar1 ve
planlama zorluklarini azaltmay: amaclamaktadir. Ithal ham madde tedarik
siireclerinin daha etkin ve sistematik sekilde yonetilmesi hedeflenmektedir.
Bu amacla, belirsizlik altinda karar almay1 destekleyen veri odakli bir te-
darik planlama yaklagimi gelistirilmistir. Onerilen model, ¢ok dénemli bir
yap1 icerisinde Ornek Ortalama Yaklagimi ve Kayan Ufuk Sezgiseli kul-
lanarak esnek siparig kararlar1 iiretmektedir. Dogrulama caligmalari, ma-
liyetlerin agirhikli ortalamasinda %13,34 iyilesme ve stoklarin agirhikl or-
talamasida %14,80 azalma elde edildigini gostermektedir. Sistem, giinliik
planlama siireglerinde daha hizli, giivenilir ve tutarh kararlar alinmasina
katk: saglamaktadir.

Anahtar Sozciikler: Tedarik Suresi Belirsizligi, Envanter ve Tedarik Plan-
lamasi, Ornek Ortalama Yaklagimi, Kayan Ufuk Sezgiseli, Dinamik Prog-
ramlama, Tedarik Zinciri Eniyilemesi.
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Optimization of Imported Raw Material
Procurement Processes

Abstract

This project aims to improve the management of imported raw material pro-
curement processes by reducing high inventory costs, emergency shipments,
and planning difficulties caused by lead-time uncertainty, demand variabil-
ity, and operational complexity. To address these challenges, a data-driven
procurement planning approach is developed to support decision-making
under uncertainty. The proposed model generates adaptive ordering deci-
sions within a multi-period structure using a Sample Average Approxima-
tion Rolling Horizon (SAA-RH) heuristic. Validation results show that an
overall weighted cost improvement of 13.34% and a 14.80% weighted av-
erage inventory reduction. The system enables faster, more reliable, and
consistent decision-making in daily procurement operations.

Keywords: Lead-Time Uncertainty, Inventory and Procurement Plan-
ning, Sample Average Approximation Rolling Horizon Heuristic, Dynamic
Programming, Supply Chain Optimization.

8.1 Company Description

Eti is one of the leading food manufacturing companies in Tiirkiye. Founded
in 1962, the company produces a wide range of products, including biscuits,
wafers, cakes, chocolates, cereals, baby food, and healthy snack alternatives.
Eti operates several production facilities located in Eskigehir, Boziiyiik, and
Konya, and exports to over 100 countries. Due to the scale and complexity
of its production operations, ensuring the timely and reliable supply of raw
materials is critical. In particular, the procurement of imported raw ma-
terials such as cocoa, oils, and food additives, sourced from international
suppliers via multiple transportation modes, plays a significant role in sup-
porting production continuity and operational efficiency.

8.2 System Analysis

The imported raw material procurement system at Eti has been managed
by the Production Planning Department since September 2024. Despite
this structural change, the system still relies heavily on manual intervention,
limiting overall efficiency. Although the process begins with MRP execution,
final order quantities are determined uingkxcel-based data extracted from
SAP, resulting in a largely manual process.

Procurement decisions are limited to predefined supplier agreements and
predefined transportation modes (seaway, roadway), along with minimum
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order quantities (MOQ). While seaway is usually chosen due to its lower
cost, the lack of a structured planning approach often leads to reactive de-
cisions, where expensive roadway transportation is used only when problems
arise, rather than being planned in advance.

Lead times constitute a major source of uncertainty. In practice, plan-
ners rely on conservative buffering strategies to reduce stockout risk, which
directly affects inventory levels and ordering decisions. As a result, the sys-
tem operates in a predominantly deterministic manner, without pipeline vis-
ibility or explicit modeling of uncertainty. This limits its ability to respond
effectively to variability and leads to suboptimal procurement decisions.

8.3 Problem Definition

Eti’s imported raw material planning system is challenged by lead-time un-
certainty, multi-supplier sourcing, and largely manual planning practices.
The company manages 41 imported materials with varying and unpre-
dictable delivery times, making it difficult to ensure consistent and reliable
replenishment decisions (Kaplan, 1970). This variability directly affects the
system’s ability to maintain a stable balance between supply and demand.

To prevent production disruptions, the current system relies on conser-
vative buffering strategies based on maximum observed lead times. While
this approach reduces stockout risk, it leads to higher inventory levels and
associated costs, as well as an increased risk of waste due to perishabil-
ity. At the same time, unexpected delays or demand fluctuations force the
system into costly emergency decisions, particularly the use of high-cost
transportation options.

An ABC analysis reveals that a small number of high-value items ac-
count for approximately 80% of total annual consumption value, making
planning decisions for these materials especially critical (Jacobs et al., 2011).
As a result, inventory levels fluctuate between excess and shortage, creating
misalignment between material availability and production needs. Overall,
the core problem lies in the inability of the current system to manage un-
certainty in a structured and balanced way, leading to inefficient cost and
service outcomes.

8.4 Proposed Solution

8.4.1 Ciritical assumptions and data analysis

The model is developed under a set of simplifying assumptions to ensure
tractability. It focuses on A-class raw materials identified through ABC
classification, as these items account for the majority of total consump-
tion value. Demand is treated as deterministic over the planning horizon,

7



given the high accuracy of existing forecasts. The primary source of un-
certainty is lead-time variability, which necessitates a stochastic solution
approach. This is modeled using a scenario-based framework where histor-
ical observations are directly used as discrete scenarios instead of fitting a
predefined distribution. Since materials are sourced from multiple suppli-
ers, lead-time variability is estimated through a pooled variance approach,
weighting supplier-specific variances by sample sizes. In addition, cross-
orders, where a later order arrives earlier than a previous one, are excluded
with company approval, as they are rare and have a negligible impact. Fi-
nally, transportation mode availability is assumed to be predetermined for
each material based on supplier agreements, restricting decisions to feasible
supplier—-mode combinations.

8.4.2 Major constraints

The model incorporates operational constraints to ensure feasibility un-
der lead-time uncertainty. Orders are subject to supplier-specific minimum
order quantities (MOQ), requiring placement in integer multiples of pre-
defined batch sizes. Binary decision variables restrict ordering to feasible
supplier—transportation mode combinations. Inventory balance constraints
ensure that demand is satisfied using available inventory whenever possi-
ble, while unmet demand is carried forward as backlog. Non-negativity
constraints are imposed on inventory and backlog variables, and integral-
ity and binary requirements are enforced on order quantities and decision
variables.

8.4.3 Objectives

The objective of the following model is to minimize the total accumulated
operational cost over the planning horizon. The objective function includes
purchasing and transportation costs, setup costs, inventory holding costs,
and backorder penalties. An additional penalty cost is defined for the use of
emergency road transportation. This penalty is introduced to discourage the
routine use of this mode and to ensure that it is applied only as a corrective
measure when necessary. As a result, critical stock levels are protected
without relying excessively on high-cost transportation alternatives.

8.4.4 Conceptual model

To address challenges posed by lead-time uncertainty and the complex struc-
ture of the procurement system, a sequential decision-making model is devel-
oped. The model relies on a state-dependent policy, in which decisions are
made based on the current system state. The state representation includes
the on-hand inventory level, unmet demand (backorders), and pipeline in-
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ventory that tracks all outstanding orders along with their remaining lead
times. This structure ensures that both current system conditions and the
delayed effects of past decisions are fully captured within the decision pro-
cess. Uncertainty in the system is modeled through scenario-based represen-
tations of lead times. Instead of assuming a specific probability distribution,
historical lead-time observations are directly used to construct a discrete set
of possible scenarios (Huang, Kai and Ahmed, Shabbir, 2009). At each deci-
sion period, these scenarios represent different realizations of delivery times
across transportation modes, allowing the model to capture real-world vari-
ability in supply processes. The combination of scenarios reflects the joint
evolution of lead times and enables the evaluation of decisions under mul-
tiple possible future outcomes.

8.4.5 Mathematical model

The mathematical model minimizes expected total operational cost un-
der lead-time uncertainty, with the full formulation provided in Appendix:
Mathematical Model. Inventory dynamics are represented through pipeline-
based state transitions, where outstanding orders evolve under stochastic
lead times and arrivals update on-hand inventory (Disney et al., 2016).

The problem is formulated as a finite-horizon dynamic programming
model, where the system state consists of inventory, backlog, and pipeline
variables, and decisions are made sequentially over time. Safety stock con-
straints regulate the use of emergency transportation (Chopra and Meindl,
2016).

Computational experiments show that the runtime of the DP algorithm
is mainly driven by the planning horizon, number of scenarios, and lead-time
magnitude. Increasing the number of scenarios from 8 to 16 raises solution
time from 44 seconds to over 1,600 seconds (nearly 38-fold increase), while
higher lead times expand the pipeline state space, increasing computation
time by up to 330%.

Therefore, runtime grows non-linearly with key problem dimensions,
making the exact DP formulation computationally intractable for a 90-
day horizon. Furthermore, a Sample Average Approximation Rolling Hori-
zon(SAA-RH) heuristic approach is adopted, in which the problem is re-
peatedly solved over a limited look-ahead window. This provides a tractable
approximation of the original DP model while allowing the system to adapt
dynamically to new information.
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8.5 Solution Method

8.5.1 Sample average approximation rolling horizon
(SAA-RH) heuristic solution approach

The proposed solution method addresses the computational challenges of
the exact dynamic programming model by employing an SAA-RH heuristic.
The 90-day planning horizon is divided into daily decision periods, within
which procurement decisions are updated sequentially based on the current
system state, including on-hand inventory, backlog, and pipeline orders, as
represented in Figure 8.1 (Manuel Diaz-Madronero and Josefa Mula and
Mariano Jiménez and David Peidro, 2017).
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Figure 8.1: SAA-RH Solution Illustration

Lead-time uncertainty is captured through a finite set of scenario-based
realizations derived from historical data for both road and sea transporta-
tion modes. Within the Sample Average Approximation framework, the
model is solved over the scenario set, and decisions are determined by min-
imizing the sample average of total cost across scenarios. This ensures that
the resulting policy is robust to lead-time uncertainty. In line with the SAA-
RH approach, only the first-period decisions are implemented. The system
state is then updated and carried forward to the next period, and the pro-
cess is repeated throughout the planning horizon. This rolling structure
produces a state-dependent and adaptive ordering policy while maintaining
computational feasibility for daily use.

8.5.2 Implementation and software architecture

The solution framework is implemented in Python, integrating data pre-
processing and the SAA-RH heuristic approach. This environment provides
sufficient flexibility to handle large datasets and iterative solution proce-
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dures across multiple materials, while supporting repeated re-optimization
at each decision period.

The mathematical model is formulated using Pyomo, which enables a
structured representation of the objective function and operational con-
straints in an open-solver compatible form. The resulting optimization
problems are solved using the HiGHS solver, providing an effective balance
between computational performance and accessibility. To ensure practical
runtimes, a 5% optimality gap is applied, allowing the model to generate
reliable solutions within acceptable computational time for daily use.

8.6 Validation

The proposed model was validated using real operational data from Eti’s
supply chain through a pilot study focusing on high-impact raw materials,
representing 67.4% of total inventory cost. The results show consistent cost
improvements across all materials, as presented in Table 8.1, with reductions
ranging between 10.41% and 41.89%, leading to an overall weighted cost
improvement of 13.34%.

Table 8.1: Comparison of Cost, Service Level, and Inventory Improvements

Material Proportion Cost

Material in Total Cost Service Level Improvement Inventory Level
ID (%) (%) (%) Improvement (%)
RMO09 41.5% 95.6% — 96.7% 10.41% 10.34%
RMO04 13.72% 100.0% — 100.0% 34.97% 34.97%
RMO06 6.78%  100.0% — 92.0% 41.89% 46.23%
RMO05 5.4%  100.0% — 90.6% 25.57% 48.01%

13.34% 14.80%
TOTAL 67.4% (Weighted) (Weighted)

The pilot study also reveals a strategic trade-off in service levels. RM09
improved to 96.7%, while RM06 and RMO05 were adjusted to 92.0% and
90.6%, respectively, to reduce overstocking. This indicates that the model
reduces unnecessary inventory accumulation while maintaining service per-
formance without significant deterioration.

Furthermore, the model achieved inventory reductions of 10.34% (RMO09),
34.97% (RM04), 48.01% (RMO05), and 46.23% (RMO06). When weighted by
material share, these improvements correspond to a 14.80% reduction in
overall inventory levels. Overall, the results demonstrate effective inventory
rationalization, leading to improved cost efficiency and more balanced pro-
curement decisions. These findings confirm the practical applicability and
robustness of the proposed decision support system.
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8.7 Benchmarking and Benefits

A benchmarking analysis was conducted comparing the exact Dynamic Pro-
gramming (DP) approach with the SAA-RH approach in terms of cost per-
formance, computational efficiency, and operational applicability. The DP
model provides a theoretical global optimum by anticipating future uncer-
tainties and preventing backorders through proactive use of faster trans-
portation. The SAA-RH approach resulted in solutions with an optimality
gap between 7.45% and 12.77%, mainly due to its limited look-ahead struc-
ture. The detailed benchmarking results are presented in Table 8.2.

From a computational perspective, the DP approach requires approx-
imately 94 minutes to solve a 30-day planning problem, whereas the RH
system generates decisions in under a second (around 0.31 seconds). Sensi-
tivity analysis further showed that extending the planning horizon and in-
creasing demand scenarios led to cost improvements of up to 13.09% while
maintaining negligible computation time. Beyond numerical performance,
the system supports managerial decision-making by replacing manual judg-
ment with data-driven purchasing policies and enabling structured supplier
comparisons.

Table 8.2: Comparison of DP and Rolling Horizon Approaches

DP
(Optimal) RH DP RH
Expected (Simulation) Optimality Solution Solution Time
Horizon Cost [TL] Mean Cost [TL] Gap [%] Time (Per Run)
10 1,118,162.00 1,201,560.36 7.45% 700 sec 196.86 sec
20 2,101,875.00 2,370,295.83 12.77% 2840 sec 795 sec
30 3,096,542.00 3,479,868.42 12.38% 5656 sec 1583 sec

The results were obtained in a stochastic environment using the SAA-
RH approach with 6 distinct lead-time scenarios (N = 6). The simulation
incorporates multiple suppliers and transportation modes with varying lead-
time distributions and cost profiles. Operating on a 5-day Planning Horizon,
the system dynamically trades off between sourcing options to anticipate
demand fluctuations. By optimizing across these scenarios and suppliers
simultaneously, the model minimizes total operational costs while ensuring
supply chain resilience.

Beyond numerical performance, the proposed system provides substan-
tial operational and financial benefits. Reducing excess inventory improves
cash flow and working capital utilization while also lowering the risk of pro-
duction disruptions through better anticipation of delays. In addition, the
model enhances decision transparency by quantifying cost-risk trade-offs
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and standardizing procurement decisions, reducing dependence on man-
ual judgment. Unlike the current system, it incorporates full visibility of
pipeline inventory and dynamically balances holding, shortage, and trans-
portation costs under uncertainty. This framework automates the whole
procurement process. Finally, its flexible structure allows easy adaptation
across different operational settings, enabling scalable and data-driven pro-
curement strategies.

8.8 Implementation and Pilot Study

The decision support system was implemented as an automated tool and
integrated into Eti’s procurement planning framework, and was delivered
together with its installation files on March 16, 2026. The model operates
with short computational times, enabling frequent updates without disrupt-
ing existing workflows. Users interact with the system through Excel-based
outputs and a Streamlit-based interface shown in Figure 8.2, where recom-
mended order quantities and projected inventory levels are presented in a
clear and actionable format. Input data, including inventory levels, lead
times, and pipeline information, is managed through standardized Excel
templates.
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Figure 8.2: DSS Home Page

Decisions are generated using scenario-based simulations to capture de-
mand and supply uncertainty. The system supports both full-scale planning
runs (covering all materials) and item-level analysis (for selected materials),
allowing flexibility depending on planning needs. The outputs are struc-
tured as a chronological execution plan, enabling direct use in operational
decision-making.

Following delivery, a pilot study was conducted. By April 6, 2026, the
system had been fully applied to five materials in class A, and the results
showed strong alignment with the company’s actual historical decisions and
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timelines. This close correspondence increased confidence in the model and
demonstrated its practical applicability. Feedback from training sessions
and pilot usage indicated that the tool is intuitive, aligns well with existing
planning practices, and has been well received by company stakeholders.
The development process was carried out in close collaboration with
company experts through regular meetings and technical reviews, improv-
ing both usability and practical relevance. Preliminary results show that the
system effectively supports data-driven procurement decisions by replacing
manual approaches with a structured methodology. The model produces
stable and feasible order plans under varying demand scenarios while main-
taining service levels and controlling inventory risks. The weighted cost
improvement analysis indicates a total potential impact of 13.34%.

8.9 Conclusion

The project met expectations at Eti and demonstrated strong potential for
broader implementation by improving production planning, reducing costs,
and enhancing decision consistency. A decision support system based on
stochastic optimization and the Sample Average Approximation Rolling
Horizon heuristic improved inventory control, reduced excess stock levels,
and enabled more reliable and data-driven production planning decisions
under uncertainty. The system achieved a weighted cost improvement of
13.34% and reduced inventory levels by 14.80%, across high-impact ma-
terials representing 67.4% of the total inventory cost. This was achieved
while maintaining service performance and mitigating disruption risks by
leveraging scenario-based modeling and stochastic optimization.

In addition, the system replaced manual judgment with a structured
quantitative framework, increasing transparency in cost-risk trade-offs and
standardizing decision processes. It also reduced managerial workload by
automating planning, calculation, and reporting tasks, enabling faster and
more efficient daily operations.

The system is easily adaptable across different materials and operational
settings with minimal customization, providing a scalable and practical so-
lution for procurement and inventory planning under uncertainty, managing
cost—service trade-offs under uncertainty.
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Appendix: Mathematical Model

Sets and indices

Symbol Explanation

T Set of planning periods, T'= {1,...,|T|}

1 Set of suppliers, i € I

J Set of transportation modes, j € J

L Set of historical lead times, L = {1,...,L}
St System state at period ¢

Decision variables

Symbol Explanation

O;jt Order quantity decided for supplier ¢ via mode j in period ¢

Ti gt Binary ordering decision; equals 1 if an order is placed, and 0
otherwise

Yiit Number of MOQ batches ordered for pair (i, ;) in period ¢

2z Binary activation of emergency transportation in period t

Uyt Decision vector at period ¢
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Parameters and state variables

Symbol Explanation

Dy Deterministic demand in period ¢

cij, Kij Unit purchasing and fixed ordering costs for pair (i, j)
h, p, p Unit holding, backorder, and emergency activation costs

MOQ;;, Y;; Minimum order quantity and maximum allowable multiple

a; Binary availability of mode j for supplier i

SS, M Safety stock threshold and a sufficiently large constant

L; i Realized stochastic delivery time for order placed in period ¢

I;, By Inventory level and backorder quantity at the end of period ¢

Uijit Quantity of outstanding orders with [ periods remaining until
delivery

ﬁm}l,t Shifted pipeline inventory before new orders are assigned in
period ¢

Ry Total arrival quantity received at the beginning of period ¢

Vi (St) Optimal value, or cost-to-go, function at period ¢

Cy(St,up) Immediate cost incurred in period ¢ at state S; and decision wu;

Objective function

The objective is to minimize the expected total operational cost:

Z (Z Z (€ijOijp + Kijwi i) + hly + pBy + pzt>

teT i€l jeJ
Dynamic programming representation

min E

The system state at period ¢ is defined as
Sy =(Ii—1,Bi1,Uijupr Yiel, je J, 1€ L)

The sequential decision-making process is solved within a dynamic program-
ming framework:

Vi(St) = min{Co(Sh, ) + E[Veur (Sea) | Sy ]}, VE€T

Constraints

~ Uiipie, l=1,...,L—1 .
4,9,0,t :{ L I v%,j,l,t (8]‘)

0,

Il
gl



Uijie = Uijus + 1{Lije =1} Oijy
Ry=)Y > Ui
iel jeJ
Iy —Bi=1, 1+ R — Dy — B,
Oijie=MOQ;;Yij:
Tijr < Yige < Yij i
Tije < A
1 < S5+ M(1— 2)
Tijr < Mz

Oijt, It, By, Ry > 0
xi,j,ta Zt € {0, 1}
Y;,j,t e7Zt

Constraint descriptions

Vi, 5,1t (8.2)
VteT (8.3)
VieT (8.4)
Vi, gt (8.5)
Vi, j,t (8.6)
Vi, j,t (8.7)
VteT (8.8)
V)€ Jroad, t €1, t
(8.9)
Vi, g, t (8.10)
Vi, j,t (8.11)
Vi, gt (8.12)

e (8.1)—(8.2) define the pipeline state transition under stochastic lead-

time realizations.

logic.

der safety stock violations.

87

(8.3) computes arrivals from the outstanding order pipeline.
(8.4) enforces inventory and backlog flow balance across periods.

(8.5)-(8.6) impose minimum order quantities and ordering activation

(8.7) ensures that only feasible supplier-mode combinationsis selected.

(8.8)—(8.9) control the conditional activation of emergency orders un-

(8.10)—(8.12) define variable domains and integrality restrictions.



9 Kantar Operasyonlarinin
Optimizasyonu

Limak Cimento

Proje Ekibi
Deniz Bodur, Ahmet Melih Biilbiil,
Mert Can Ibri, Beglim Simsek

Sirket Danigmani Akademik Damigsman
Ayca Kiigiikoglu Prof. Dr. Ulkii Giirler
Lojistik Departmani Yoneticisi Endiistri Miithendisligi Boliimii
Ozet

Limak Cimento fabrikalarinda gerceklestirilen bu caligmada, yiiksek arac
trafigi nedeniyle kantar operasyonlarinda olusan verimsizlik problemi ele
alinmigtir. Mevcut sistemde manuel veri girisi, sozli iletigsim ve fiziksel hi-
zasizlik gibi faktorlerin stirecleri yavaslattigi ve hata riskini artirdigi belir-
lenmistir. Saha verileri kullanilarak gelistirilen simiilasyon modeli ile sistem
analiz edilmig ve iyilegtirme alanlari tespit edilmigtir.
Bu dogrultuda, kontrol noktasinin hizalanmasi, QR tabanli veri aktarimi
ve otomatik belge ciktis1 gibi coziimler énerilmistir. Onerilen sistemin iglem
siirelerini azaltarak operasyonel verimliligi artirmasi ve insan hatasini mini-
mize etmesi beklenmektedir.
Anahtar Sozciikler: Kantar eniyilemesi, simiilasyon, stireg iyilestirme,
lojistik.
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Optimization of Weighbridge Processes
Abstract

This study focuses on inefficiencies in weigh bridge operations at Limak
Cement facilities caused by high truck traffic. The current system relies on
manual data entry, verbal communication, and a physically misaligned con-
trol booth, leading to increased processing times and higher risk of human
error. A simulation model was developed based on on-site data to analyze
system performance and identify bottlenecks.

Based on the findings, improvements such as control booth alignment,
QR-based data transfer, and automated document printing were proposed.
The proposed system is expected to reduce processing times, improve oper-
ational efficiency, and minimize human errors.

Keywords: Weigh bridge optimization, simulation, process improvement,
logistics.

9.1 Company Description

Limak Holding was founded in 1976 in Ankara as a small construction com-
pany and has since grown into one of Turkey’s leading conglomerates (Limak
Group of Companies, 2025). Limak Cement is one of the leading cement
producers in Tiirkiye, operating large-scale facilities with high-volume lo-
gistics operations. Due to the continuous flow of inbound raw materials and
outbound finished products, a significant number of trucks enter and exit
the plant daily, making weigh bridge operations a critical component for
maintaining an efficient and uninterrupted logistics flow.

The system consists of two main operational flows: the sales process and
the raw material procurement process. In the sales process, trucks arrive
empty, are weighed at the entrance, proceed to loading, and then pass
through the exit weigh bridge before leaving. In the procurement process,
trucks arrive loaded, are weighed upon entry, directed to unloading areas,
and exit the system after final weighing.

In both flows, trucks interact with entrance and exit weigh bridges con-
nected to a shared control cabin operated by a single operator. The opera-
tor handles both weighing and data entry tasks, creating a tightly coupled
system where physical operations and information flow are highly interde-
pendent.

The system also relies heavily on manual and verbal communication.
Drivers must leave their vehicles to provide information, which is manually
recorded by the operator. This structure increases dependency on human
interaction, leading to operational delays and making the system more vul-
nerable to disruptions.
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9.2 Definition of the Engineering Problem

The weigh bridge operations at Limak Anka Cement play a critical role
in managing the high volume of inbound and outbound truck traffic. The
system consists of two main operational flows: the sales process and the raw
material procurement process. In both flows, trucks are required to pass
through entrance and exit weigh bridges, while interacting with a shared
control cabin operated by a single operator. This structure creates a tightly
coupled system where physical operations and information flow are highly
interdependent.

Field observations and system analysis revealed that the current system
suffers from two major sources of inefficiency: prolonged operation times
and human-induced errors. These issues not only affect the throughput of
the weigh bridge but also have broader implications on operational reliabil-
ity and reporting accuracy.

The first problem arises from the operational structure of the weigh
bridge process. The interaction between the truck driver and the operator
is largely manual and requires the driver to leave the vehicle, communicate
necessary information, and return to the truck. These non-value-added ac-
tivities significantly increase service times at both entrance and exit points.
Since both operations are handled by the same operator and infrastructure,
even small delays accumulate and result in queue formation, especially dur-
ing peak hours. As a result, the system experiences unnecessary waiting
times and reduced operational efficiency.

The second and more critical issue is human error caused by manual data
handling. Information such as company name, order number, material type,
and date is verbally communicated by the driver and manually entered into
the system by the operator. This process is highly prone to errors including
incorrect data entry, missing information, and miscommunication. These
errors do not remain local to the weigh bridge operations; instead, they
propagate through the system due to SAP integration, directly affecting
financial records, reporting accuracy, and operational decision-making.

Moreover, the impact of human error extends beyond the initial mis-
take. Once an error occurs, it triggers a time-consuming correction process
involving multiple stakeholders, manual verification, report revisions, and
in some cases communication with external parties. This significantly in-
creases the operational workload and leads to additional hidden costs in
terms of time and labor.

In summary, the current weigh bridge system is constrained not by physi-
cal capacity limitations, but by process inefficiencies and human-dependent
operations. The combination of prolonged service times and error-prone
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manual data handling creates a system that is both time-inefficient and
vulnerable to operational disruptions. Therefore, addressing these two core
problems is essential for improving system performance, reliability, and over-
all efficiency.

9.3 Model Development

To accurately analyze the current operations and evaluate potential im-
provements, a simulation model was developed based on real system obser-
vations and collected data.

For the sales (cement shipment) process, critical time components such
as weigh bridge processing times, manual information exchange durations,
and loading (filling) times were recorded during on-site visits. These time
measurements reflect real operational conditions, including delays caused by
drivers exiting their vehicles and interacting with the control booth. Based
on these observations, a detailed simulation model Figure 9.1 representing
the sales process flow was developed in Arena Simulation Software.

ssssss
Weignbridge

Nen_tonnage

Figure 9.1: Sales Model

For the raw material delivery process, weigh bridge processing times
for incoming trucks were recorded. Since there is no operational procedure
at the exit weigh bridge for these trucks, no additional processing time
was considered for the outbound stage. The process at entry is generally
limited to delivery note submission, making it simpler compared to the
sales side. However, in some cases, if the truck belongs to Limak itself,
delivery note verification may not be required or may be handled in a simpler
way. Additionally, factors such as raw material unloading durations and the
availability of unloading space were identified and analyzed using historical
data. These elements were incorporated into the model to better reflect
real system constraints and variability. A separate simulation structure was
developed to represent this process.

Using the collected and analyzed data, a discrete-event simulation model
Figure 9.2 was developed in Arena Simulation Software. The model repre-
sents the full flow of trucks through the system, including arrival, weighing,
loading/unloading, and exit processes. Separate logic structures were cre-
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ated to capture the operational differences between raw material and sales
processes.

Figure 9.2: Raw Material Model

Although the primary objective of the company was to reduce errors by
eliminating manual processes, the Arena simulation also makes it possible
to observe the impact of the proposed solutions on system performance,
particularly in terms of processing times. The model was developed based on
the ANKA factory; however, since similar operational structures exist across
different facilities, it can also be used as a prototype for future applications.

Furthermore, the model enables scenario analysis by allowing changes
in system parameters. For example, one of the initially considered improve-
ment scenarios was the addition of an extra weigh bridge. Such scenarios
can be tested within the simulation environment to evaluate their impact
on system throughput and overall performance before real-world implemen-
tation.

Overall, the developed model serves as a reliable baseline representa-
tion of current operations and provides a solid foundation for testing and
evaluating proposed system improvements.

9.4 Validation

To validate the proposed simulation model, real system data provided by
the company were compared with the simulation outputs. The validation
focused on two key performance measures: the daily number of incoming
trucks and the average time spent in the system.

For the sales process, the simulation results closely matched the real
system observations. The average number of daily incoming trucks was
approximately 104 in the real system and 103 in the simulation. Similarly,
the average system time was observed as 38 minutes in both cases, with a
95% confidence interval of (35.5,39.5). A one-sample t-test was conducted,
yielding a test statistic of ¢ = —0.56, which is below the critical value
t = 2.262. Therefore, the null hypothesis could not be rejected, indicating
no statistically significant difference between the real system and simulation
results.

A similar validation approach was applied to the raw material procure-
ment process. The average system time was approximately 17 minutes in
the real system and 17.22 minutes in the simulation, with a 95% confidence
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interval of [16.9,17.4]. The t-test result ¢t = 1.414 was again below the crit-
ical value t = 2.776, and the p-value 0.23 was greater than 0.05. Hence, the
null hypothesis could not be rejected.

Overall, the statistical analysis demonstrates that the simulation outputs
are consistent with real system data, confirming that the model provides a
reliable representation of the current operations.

9.5 Proposed Solutions

The proposed system is designed to address the identified inefficiencies by
reducing manual interaction, eliminating physical misalignments, and im-
proving both operational speed and data accuracy through three integrated
improvements targeting operational delays and human errors.

The first improvement focuses on the physical redesign of the control
booth to reduce non-value-added operation time. In the current system,
the misalignment between booth window and truck driver’s window forces
drivers to exit their vehicles, creating unnecessary delays. By aligning booth
structure with driver’s window, communication can be carried out directly
without requiring driver to leave the vehicle. This eliminates unnecessary
movements, shortens processing time, and improves operational flow.

The second improvement introduces a QR-based digital information
transfer system to address human errors caused by manual data entry. In-
stead of relying on verbal communication, drivers present QR codes contain-
ing shipment information, scanned and automatically transferred into the
system. This largely eliminates manual data entry, significantly reducing
error rates while improving data accuracy, traceability, and process speed.

The third improvement targets delays in the exit process by integrating
an industrial printing system for delivery documents. In the current sys-
tem, delivery notes are manually prepared and handed to drivers, requiring
additional interaction and time. With the proposed system, documents gen-
erated by the system are automatically printed and positioned in a way that
allows drivers to receive them without leaving their vehicles. This reduces
service time at the exit stage and minimizes process interruptions.

These solutions are supported by detailed equipment selection, installa-
tion planning, and cost analysis to ensure feasibility under real operating
conditions. Together, they provide a practical and integrated approach to
reducing delays, minimizing human error, and improving overall system
performance.
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9.6 Benefits to the Company

9.6.1 Human Error Reduction

Based on the Raw Material Unloading Arena simulation results, the pri-
mary bottleneck was not identified at the weigh bridge entrance in terms of
processing capacity. This indicates that the system is not constrained by
physical limitations such as service time or resource availability. Instead, the
main source of inefficiency originates from manual operations, particularly
human errors occurring during data entry.

These errors, including incorrect date entries, order mismatches, and
incorrect monthly record assignments, propagate through the system and
directly affect SAP-integrated reports. As aresult, incorrect data is reflected
in purchasing and operational reports, requiring daily manual verification
by employees. Once detected, these errors trigger a multi-step correction
process involving incident documentation, system updates, and report revi-
sions. This leads to significant time loss, increased workload, and reduced
reliability of operational data.

To address this issue, the proposed integrated automation system mini-
mizes manual data entry and ensures controlled and consistent data process-
ing. By reducing the occurrence of human errors at the source, the system
eliminates the need for repetitive correction processes and improves overall
operational efficiency. Figure 9.3 presents the elimination of the workload
required to solve issues caused by data errors.

Performance Indicator |Current State Improved State [Impact
Error occurrence Once-twice per Few times per Significant reduction
month year

Estimated annual Error

Recovery process 72 — 120 days 6 — 20 days 66 — 100 days reduction
duration

Estimated annual active 192 — 288 hours 16 — 48 hours 144 - 2.40 hours
workload reduction

Lower operational

Daily control requirement [Mandatory Reduced burden

Improved decision-

Data reliability Low High making

Figure 9.3: Performance Comparisons

The proposed system reduces the total annual delay caused by human
errors by up to 100 days and decreases manual workload by up to 240 hours
per year. These improvements significantly enhance data accuracy, reduce
dependency on manual intervention, and enable faster and more reliable
decision-making processes within the company.
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9.6.2 Processing Time Reduction

In addition to eliminating human-induced inefficiencies, the proposed sys-
tem improves operational performance for the sale operations by reducing
processing time at the entrance weigh bridge.

In the current system, the entrance mean is 121.8 seconds with a stan-
dard deviation of 17.2, and the exit mean is 91.8 seconds with a standard
deviation of 30.2. Therefore, manual data entry, operator—driver interaction,
and document handling result in an average processing time of approxi-
mately 212 seconds per truck.

With the implementation of the integrated automation system, these
manual steps are minimized, and processing becomes faster and more stan-
dardized. With the implemented solutions, the entrance and exit processes
are significantly improved.

As a result, the total processing time is reduced to approximately 56
seconds per truck.

FOR SALE MODEL;

Performance

Indicator Current State Integrated Automaton Impact

Minimum|Maksimum|Mean [Minimum[Maksimum|Mean

Total
processing

time at the ~212 ~56 ~73%
both entrance seconds seconds|reduction
and exit

weighbridges

" — — D

Time spentin [-138 | 43 4 min -39 min 9.6 min |~38.9 min |~ 339 [0 7%

the system min min improvement
L L [t - 0,

Queue levels |~0sec  |~50 sec ~32sec [~0sec [~3sec 0.5-1 . 96-97%
S€C 1mpr0vement

Figure 9.4: Results of Implementations
Figure 9.4 shows the expected results of the implementation and its ben-
efits. The reduction in processing time leads to faster throughput, shorter
waiting times, and improved utilization of weigh bridge resources. This
contributes to smoother operational flow within the facility and enhances
overall logistics performance.

9.7 Implementation

System components were evaluated in terms of both technical performance
and cost, and the detailed cost ranges are presented in Figure 9.5 .

For the QR reading system, industrial devices within the range of 700-2,695
USD were analyzed, and the Datalogic Matrix 220 (Datalogic, 2026) was
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selected as the most suitable option. The total cost, including installation,
was estimated at 1,700 — 2,300 USD per unit.

For the printing system, alternatives between 740-2,850 USD were eval-
uated, and the Kyocera ECOSYS MA4500ix (Kyocera Document Solutions,
2026) was selected due to its compatibility with the existing A4-based sys-
tem. The total cost, including installation and protective solutions, ranges
between 900 — 1,265 USD.

Protective enclosures were evaluated within the range of 315-1,320 USD
for printers and 300-1,500 USD for QR systems. Infrastructure components,
including the portable office unit (13,720-15,000 USD) and control cabin
improvements (20,580-22,000 USD), were also analyzed.

In addition, SAP integration costs were estimated at 5,720-8,000 USD,
while installation and other operational expenses were estimated between
3,430-9,000 USD. When the combined cost of all components were ana-
lyzed, the total system installation cost is estimated to be approximately
46,665-60,385 USD. This investment improves system reliability, reduces
operational errors, and ensures sustainable long-term performance.

Component Quantity | Unit Cost (USD) Total Cost (USD)
Industrial QR Scanner 2 700 - 2,695 1,400 - 5,390
Industrial Thermal Printer 2 740-2,850 1480 - 5,700
Printer Protection Enclosure 2 315-1,320 630 — 2,640

QR Protection Enclosure 2 300 -1,500 600 - 3,000
Portable Office Unit 1 13,720 - 15,000 13,720 - 15,000
Control Cabin Construction 1 20,580 — 22,000 20,580 — 22,000
SAP Integration & IT Setup - - 5,720 - 8,000
Installation & Miscellaneous Costs | — - 820 - 3435

Figure 9.5: Components and Costs

9.8 Conclusion

This study addressed inefficiencies in weigh bridge operations at Limak
Cement by analyzing the current system and identifying key bottlenecks
caused by manual processes and physical limitations. A simulation model
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based on real operational data was developed to represent the system and
evaluate its performance.

Based on the analysis, practical and feasible improvements were pro-
posed, including control booth alignment, QR-based data transfer, and
automated document printing. These solutions aim to reduce processing
times, minimize human error, and improve overall system efficiency.

The results indicate that the proposed system can significantly enhance
operational performance while maintaining feasibility for real-world imple-
mentation. Overall, this study demonstrates how data-driven analysis and
simple technological integrations can lead to substantial improvements in
industrial operations.
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10 Kaynak Atolyesi I§ Cizelgelemesinin

Eniyilenmesi

Teknopar Endiistriyel Otomasyon

)

Proje Ekibi
Mina Aktag, Mehmet Berkay Demirtas, Ezgi Eker,
Ege Ekmekci, Arin Kiigiikgticlii, Ece Saral, Zeynep Tiirkoglu

Sirket Danigmani Akademik Danigman
Ertugrul Bilgic Dr. Emre Uzun
Yazilim Miihendisi Endiistri Miithendisligi Boliimi
Ozet

Bu proje, ig atamalarinin ve iiretim planlamasinin elle yapildigi; bu duru-
mun dengesiz ig yiikleri, kagirilan teslim tarihleri ve atil siireler gibi verim-
sizliklere yol actigi Teknopar Endiistriyel Otomasyonun kaynak atolyesi
icin bir Karar Destek Sistemi (KDS) geligtirerek verimliligi artirmay:
amaglamaktadir. Sorun, Karma Tam Sayili Programlama tabanli bir ma-
tematiksel yapi ile Gifler-Thompson algoritmasini Belirgin Gecikme Mali-
yeti kuraliyla birlestiren melez bir sezgisel yontem kullanan Dinamik Esnek
Atélye Tipi Cizelgeleme Problemi olarak modellenmigtir. Gelistirilen Pyt-
hon tabanli KDS, Karma Tam Sayili Programlama ve sezgisel yaklagimlari
birlegtiren bir eniyileme motoru ile gergek zamanl ¢izelgeleme ve Gantt
gizenegi aracihigiyla gorsellestirme saglayan bir ¢ikti boliimiini entegre et-
mektedir. Onerilen ¢oziim, enyiiksek gecikmeyi %3,06 oraninda azaltirken
istasyon ve makine kullanim oranlarini %11,05 oraninda artirmigtir.
Anahtar Sozciikler: Karar Destek Sistemi, Cizelgeleme, Endistri 4.0,
Karma Tam Sayili Programlama, Esnek Atolye Tipi Cizelgeleme
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Welding Process Scheduling Optimization
Abstract

This project aims to improve efficiency by developing a Decision Support
System (DSS) for Teknopar Industrial Automations’ welding facility, where
job assignments and production planning are currently done manually, re-
sulting in inefficiencies such as unbalanced workloads, missed due dates, and
idle time. The issue is modeled as a Dynamic Flexible Job Shop Scheduling
Problem (DJSSP), which utilizes a mathematical structure, Mixed Inte-
ger Programming (MIP), and a hybrid heuristic that combines the Gif-
fler Thompson algorithm with the Apparent Tardiness Cost (ATC) rule.
The developed Python-based DSS integrates an optimization engine that
combines MIP and heuristics, along with an output section for real-time
scheduling and visualization via Gantt charts. The proposed solution has
increased station and machine utilization rates by 11.05%, while reducing
maximum tardiness by 3.06%.

Keywords: Decision Support System, Scheduling, Industry 4.0, Mixed-
Integer Programming, Flexible Job Shop Scheduling.

10.1 Company Description

Teknopar Endiistriyel Otomasyon is a research and development based tech-
nology company founded in Ankara, Tiirkiye, in 1996. Teknopar delivers
hardware and software solutions across various sectors such as energy, de-
fense, and mobility. The company operates in four locations and employs
over 100 engineers focused on industrial automation and digital transfor-
mation. To advance its capabilities in machining and production, Teknopar
established a specialized facility in Ankara Aerospace Specialized Organized
Industrial Zone (HAB), which serves as a welding and production facility.
With its A-Level competence certification from the Ministry of National De-
fense, the company plays a crucial role in the transition to Industry 4.0 by
leveraging data, [oT, and Al to optimize resource utilization and production
efficiency.

10.2 System Analysis and Problem Defini-
tion

This section evaluates the overall flow of Teknopar’s welding facility and
identifies core scheduling opportunities that can benefit from a transition
to an automated DSS.
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10.2.1 System Analysis

The production system at Teknopar’s HAB facility follows a multi-station
job shop structure. The first stage involves the arrival of pre-cut or bent
metal components, which are then transferred to the nine specialized work-
stations. Six of the stations are designated for small parts while three
of them are designed for larger parts. Welding operations are done using
twelve mobile machines, including nine gas welders and three specialized
argon units (air cooled, water cooled, and AC-DC).

While Teknopar has an integrated Advanced Planning and Scheduling
(APS) system for CNC Machines, the real-time data integration does not
extend to the welding workshop in HAB. Because of this, the assignments
are made manually, relying on the department’s experience and assessment
of operator availability rather than on data and algorithms.

10.2.2 Problem Definition

The current system faces operational challenges due to its manual schedul-
ing process and frequent disruptions. Relying on historical averages and
operator experience often results in extended durations, leading to signif-
icant tardiness of the production process. The complexity of precedence
relations of operations adds another difficulty to scheduling, and the arrival
of high-priority jobs increases scheduling complexity. By transitioning from
a manual approach to a DSS, the project aims to stabilize the scheduling
process and reduce maximum tardiness, ensuring the facility meets its strict
delivery standards required for the defense sector.

10.3 Model Development
10.3.1 Assumptions

To ensure the model functions and is computable, some assumptions were
made. The assumptions are as follows:

e Each operation must be completed before its successor can begin.

e Differences in the performance of operators are not modeled explicitly,
with an average rate being used for each machine and part combina-
tion.

e Machine repair and maintenance times are only taken into account
if they are to be scheduled in advance. In the case of unexpected
breakdowns, they are handled through rescheduling.

e Transport times between workstations are negligible compared to weld-
ing and setup duration.
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e Each machine and each station can process at most one operation at
a time.

e Machine—station compatibility is predefined, and each operation can
only be assigned to feasible pairs.

e The system operates under deterministic processing times and known
due dates.

10.3.2 Conceptual Model

As shown in Fig. 10.1, the conceptual model aims to transform operational
production data into a feasible and efficient scheduling plan for the welding
facility. The main objective of the model is to minimize maximum tardi-
ness while ensuring that all operations are completed within their respective
deadlines. To achieve this, the model considers job due dates, the sequence
dependencies between operations, and the compatibility of machines and
stations for each task. The DSS processes these inputs and constructs a
schedule by respecting precedence relations, resource availability, and pro-
cessing constraints. By using these elements, the model generates a produc-
tion plan that reflects real operational limitations while improving overall
efficiency and delivery performance. The model gives an output consist-
ing of optimized machine and station assignments along with a time-based
schedule that minimizes delays and ensures minimum maximum tardiness.

Data Scheduled
Processing Output

Reschedule

Reschedule Scheduled
DSS Output

Figure 10.1: Conceptual Model Flow Chart
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10.3.3 Mathematical Model

The model is shown in the appendix. The objective function (1) minimizes
the maximum tardiness. Constraint (2) ensures that every operation i is
uniquely assigned to a machine m. Constraint (3) guarantees that every op-
eration 7 is assigned to exactly one station [. Constraints (4) and (5) enforce
that if operation ¢ is assigned to machine m, then its processing duration
(C;—S;) equals the processing time Pj,,. Otherwise, the large constant M re-
laxes the constraint, making it inactive. Constraint (6) prevents large weld-
ing operations from being assigned to small stations. Constraint (7) enforces
precedence relations : if operation i’ precedes operation i, then S; > Cj.
Constraint (8) ensures that the first operation of job j does not start earlier
than its earliest possible start time r;. Constraints (9) and (10) apply a
Big-M formulation to prevent overlapping on shared machines, while Con-
straint (11) enforces sequencing when operations i and i’ are assigned to
the same machine. Similarly, Constraints (12) and (13) prevent simultane-
ous processing on the same station, and Constraint (14) applies sequencing
logic only when operations share a station. Constraint (15) sets the weld-
ing completion time of job j equal to the latest operation completion time.
Constraint (16) computes the completion time C]ﬁ“al by adding applicable
grinding and painting times. Constraint (17) determines tardiness by sub-
tracting the due date from the completion time. Constraints (18) and (19)
ensure that the makespan C),,, and maximum tardiness exceed all individ-
ual completion and tardiness values. Finally, Constraints (20), (21), and
(22) impose domain requirements, ensuring binary, non-negative, or integer
variable definitions.

10.3.4 Heuristic Algorithm

A heuristic method was also developed to quickly produce viable sched-
ules, as solving the MIP model in large-scale scenarios was computation-
ally inefficient. This approach uses a constructive scheduling process while
maintaining the model’s essential constraints, such as capacity limits, ma-
chine—station compatibility, and precedence relations.

This time-based algorithm identifies tasks whose predecessors are fin-
ished at each stage, selecting only those that can proceed given the available
machines and stations. When resource conflicts arise between competing
operations, the Giffler-Thompson method is used to determine the feasi-
ble set of tasks to include in the schedule. To prioritize these operations,
the Apparent Tardiness Cost (ATC) rule is used, accounting for deadlines,
processing times, and slack. This integration ensures the heuristic can suc-
cessfully mediate between time constraints and resource optimization. By
assigning operations individually and updating resource capacity and tim-
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ing as needed, the schedule is developed iteratively. This continues until
every task is placed, resulting in a valid production plan that defines start
and finish times and equipment assignments.

10.4 Validation

Validation was conducted using the projection data from February 2026 to
September 2026. Input was taken in JSON format and included information
such as precedence relations, duration times, station, and machine type
information. To perform validation, certain assumptions were made. It
was assumed that all operations were completed within a 09:00-17:00 shift,
and operations sharing the same station or machine were distributed evenly
across the 8-hour daily production window.

To validate and evaluate our approach, we used several performance in-
dicators. First, machine and station utilization rates were computed from
active working times, allowing us to assess how efficiently available capacity
was used. Second, total completion time was measured as the maximum
finishing time of all operations, providing an indicator of overall production
efficiency and time performance. In addition, the workload distribution
across machines and stations was analyzed to determine whether the model
reduced bottlenecks and ensured balanced task allocation. Idle times were
also evaluated to measure unused capacity. To ensure feasibility, all gen-
erated schedules were checked against operational constraints. Precedence
constraints guaranteed the correct sequence of operations, while resource
constraints prevented overlapping assignments on the same machine or sta-
tion. Finally, the results were compared both numerically, using the defined
performance metrics, and visually through Gantt chart representations (Bi-
tran et al., 1982).

The validation results showed a more efficient and reliable schedule. The
number of on-time jobs increased from 20 to 27, while tardy jobs decreased
from 13 to 6. The makespan decreased from 172.6 to 169.6 hours, and
the maximum tardiness decreased from 19.6 to 19 hours. Overall, this
combined evaluation framework enabled a systematic comparison of the
proposed approach with current operations in terms of efficiency, feasibility,
and resource utilization.

10.5 Integration and Implementation

Following validation, the system was integrated into Teknopar’s existing
production planning environment. We aimed to ensure that the developed
solution is not only theoretically sound but also usable within the company’s
operational structure.
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10.5.1 System Integration

The DSS was developed to work alongside Teknopar’s current planning pro-
cesses. It converts the existing data into optimized schedules according to
the company’s constraints and infrastructure. The system integrates into
the existing production planning process by allowing production planners to
provide input data such as job details, processing times, and machine avail-
ability. This data is then processed by the DSS through the optimization
model to generate an efficient production schedule. The resulting schedule
is subsequently used to define the final production plan, working in coordi-
nation with the company’s current system This approach ensures a smooth
transition from manual planning to a semi-automated, data-driven system.

10.5.2 Implementation Structure

The implemented system has several features. It includes a user interface
that allows production planners to upload data and interact with the system,
an optimization engine that runs the mathematical model and heuristic
methods, and an output module that generates and exports the resulting
production schedules. As can be seen from Fig 10.2, the interface allows
users to access the schedule and Gantt charts. Also, users can reschedule for
the unavailable machines or stations and reassign the operations manually.

10.5.3 Data Flow and Usage

The DSS operates using structured input data via JSON format, which
includes job and operation details, processing and setup times, machine and
station information, due dates, and priorities. Once the data is uploaded,
the system generates an optimized schedule that can be downloaded and
applied directly in the production process.

10.5.4 Rescheduling Integration

One of the most important features of the system is the rescheduling ca-
pability. When disruptions occur, users can select the type of disruption
(urgent job, machine failure, etc.), input updated information, and gener-
ate a revised schedule instantly. This allows the company to adapt quickly
to unexpected changes without disrupting the entire production plan. The
rescheduling extension in the user interface can be seen in Fig 10.3.

10.5.5 Implementation Plan

The implementation process was carried out in stages: development of the
DSS and user interface, testing with company data, pilot study in the pro-
duction environment, and feedback collection and system improvements.
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Figure 10.3: Rescheduling User Interface

During the pilot phase, the system was tested under real operating condi-
tions, and its outputs were compared with existing planning methods.
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10.5.6 Practical Considerations

The system is designed to be scalable, which is capable of handling large
production datasets, flexible, which can adapt to changes in production
conditions, and accessible and usable without coding or additional knowl-
edge. To ensure compatibility with Teknopar’s operations and usability for
planners, the system can facilitate a smooth, efficient implementation.

10.6 Benefits to the Company

The DSS provides Teknopar an operational advantage by optimizing pro-
duction flow and improving capacity utilization across its welding stations
and machines. The DSS outputs daily production Gantt Charts and JSON-
formatted production codes to be compatible with the company’s current
infrastructure. Some of the advantages provided include reducing maximum
tardiness and improving machine and station utilization. For benchmark-
ing, 8 months of planning data were used. Improvement rates can be seen
in Table 10.1. The system is also adaptable to urgent situations, such as
machine or station malfunctions and changes to due dates.
Table 10.1: Improvement Rates

Metric Value
Decrease in Maximum Tardiness 3.06%
Increase in Machine Utilization  11.05%
Increase in Station Utilization 11.05%

10.7 Conclusions

In conclusion, this project develops a data-driven decision-support frame-
work to improve production planning and scheduling at Teknopar’s HAB
welding facility by modeling the system as a Dynamic Flexible Job Shop
Scheduling Problem and implementing a DSS to address inefficiencies aris-
ing from manual planning. By integrating mathematical optimization and
heuristic methods, the system generates feasible production schedules that
improve machine utilization and reduce tardiness while satisfying real oper-
ational constraints. In addition, its rescheduling capability enables adapta-
tion to dynamic conditions, such as urgent job arrivals and machine disrup-
tions, supporting faster, more informed decision-making. Future work may
include integrating with real-time data sources, enhancing heuristic algo-
rithms, incorporating additional constraints, such as workforce scheduling,
and developing improved visualization tools. Overall, the developed sys-
tem provides a structured solution to support Teknopar’s transition toward
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data-driven production planning and future intelligent manufacturing ap-
plications.
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Appendix: Mathemetical Model

1. Sets and Indices

J ={1,...,n}: Set of jobs (final products), index j € J.

O; ={1,...,0;}: Set of bunched welding operations of job j, index o € O;.
Z ={(j,0) : 7 € T, o€ O;}: Set of all welding operation groups, index
i=(j,0) € L.

M ={1,...,m}: Set of machines, index m € M.

M; C M: Feasible machine set for operation bunch 1.

L =A{1,...,L}: Set of stations, index ¢ € L.

L; C L: Feasible station set for operation bunch .

Lp C L: Set of big stations.

Ls C L: Set of small stations.

Pred; C Z: Set of immediate predecessors of i.

2. Parameters

P;,, > 0: Processing time of operation bunch ¢ on machine m.
r; > 0: Earliest possible start time of job j.

d; > 0: Due date of job j.

g; € {0,1}: Grinding requirement of job j.

p; € {0,1}: Painting requirement of job j.

t?rmd > 0: Grinding time for job j.

t?amt > 0: Painting time for job j.

pi € {0,1}: 1 if operation ¢ must be processed on a big station.
M > 0: Large constant (machine sequencing big-M).

My, > 0: Large constant (station sequencing big-M).

3. Decision Variables

Tim € {0,1}: 1 if operation bunch i is processed on machine m.
yie € {0,1}: 1 if operation bunch ¢ is processed at station ¢.
2t € {0,1}: Machine ordering variable.

2L, € {0,1}: Station ordering variable.
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S; > 0: Start time of operation i.
C; > 0: Completion time of operation .

C’;“eldmg > 0: Welding completion time of job j.

ij mal > 0: Final completion time for job j.
T; € Q: Tardiness of job j.

Crnaz = 0: Makespan.

Trer € Q: Maximum tardiness.

4. Mathematical Model
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1 1 Lokasyon ve Uriin Bazinda Kisa
Donem Talep Tahmini

Mavi

Proje Ekibi
Hilal Aydin, Zeynep Ayhan, Elif Balci, Yigit Kahveci
Selen Kilicaslan, Erol Atahan Kutlu, Abide Sila Yapicioglu

Sirket Danigmani Akademik Damigsman
Ensar Emirali Prof. Dr. Ulkii Girler
Veri Analitigi Yoneticisi Endiistri Miithendisligi Boliimii
Ozet

Bu projenin amaci Mavi i¢in miimkiin olan en diisiik seviyede, 6-8 haftalik
donem i¢in yiiksek dogrulukta sonuclar iiretebilen girket ici bir talep tah-
min modeli geligtirmektir. Mevcut yapida dig kaynak iizerinden yiiriitiilen
tahminleme siireci, talep dinamiklerinin operasyonel kararlara daha esnek
ve dogrudan entegrasyonu noktasinda bir geligim alani sunmaktadir. Bu
dogrultuda, satig verileri analiz edilmig, lirtin-magaza ciftleri kural tabanh
filtreleme ile secilmis ve sonrasinda kiimelendirilmigtir. Bu kiimeler talep
yapisina gore uygun modeller, Prophet veya XGBoost, ile eslegtirilmig ve
talep tahminleri yapilmigtir. Geligtirilen talep tahminleme sistemi hem tah-
min dogrulugunu artirmig hem de Mavi’'nin talep planlama ve tedarik zinciri
kararlarini girket icinde daha etkin bicimde yonetmesine katki saglamigtir.

Anahtar Sozciikler: Talep Tahmini, Zaman Serisi Analizi, Kiimeleme,
Veri Analizi, Perakende, Sezonsallik
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Short-term Demand Forecasting Based on
Location and Product

Abstract

This project aims to develop an in-house demand forecasting model for Mavi
that can generate highly accurate forecasts for a 6-8 week horizon at the low-
est possible level. In the current setup, the outsourced forecasting process
presents an opportunity for improvement in enabling a more flexible and
direct integration of demand dynamics into operational decision-making.
In response, sales data were analyzed, product-store pairs were selected
through a rule-based filtering and the remaining pairs were clustered accord-
ing to their demand characteristics. These clusters were then matched with
appropriate forecasting models, Prophet or XGBoost, and forecasts were
generated accordingly. The resulting demand forecasting system improved
forecasting accuracy and strengthened Mavi’s ability to manage demand
planning and supply chain decisions more effectively in-house.

Keywords: Demand Forecasting, Time-Series Analysis, Clustering, Data
Analysis, Retail, Seasonality

11.1 Company Description

Mavi is a global lifestyle and apparel company founded in 1991 in Istanbul,
Tirkiye, with a strong focus on denim products. Over time, the brand
has evolved into a full lifestyle company while maintaining denim as its
core offering. Mavi operates in 34 countries through approximately 4000
sales points and supports its operations with a strong omnichannel strategy,
including both physical stores and digital platforms. The company offers a
wide range of products across different categories and targets mainly young,
fashion-conscious customers (Mavi, 2025a).

11.2 System Analysis and Problem

In Tiirkiye, Mavi operates through a broad retail network of 352 retail stores
along with 70 dealer stores, over 570 other selling points and through online
channels and offers more than 5,000 products (Mavi, 2025b). This high
level of product variety is further increased by differences in fabric type, fit,
color and design details, together with rapidly changing fashion trends and
customer preferences, making demand forecasting particularly challenging.
As a result, Mavi has experienced difficulties in generating accurate fore-
casts, as well as issues related to product availability and fluctuations in
purchasing power.

Currently, Mavi relies on a third-party “black box” forecasting system
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that uses sales, product, stock, and customer data to generate 8-week fore-
casts for product distribution. Although the system provides relatively ac-
curate forecasts, it lacks transparency and flexibility, as Mavi cannot ac-
cess or modify the underlying model. This limits the company’s ability to
improve the model, adapt it to changing conditions, or generate forecasts
at different product or category levels. Therefore, Mavi aims to develop
an in-house forecasting model that provides full control, transparency, and
adaptability.

The new system is expected to generate accurate weekly forecasts for
a 6-8 week horizon at the product and store level, while being efficient
enough to run weekly and deliver results within 24 hours. The model is
built using historical sales and discount data and is designed to capture
key demand patterns such as seasonality, trends, and irregular fluctuations
through data-driven analysis.

11.3 Proposed Solution Strategy
11.3.1 Assumptions

During the modelling process, several assumptions were made to handle
data limitations. Since the nature of discounts is unknown, any recorded
discount is assumed to apply to all items in a purchase and all available items
are considered discounted during promotional seasons. As stock informa-
tion was not disclosed to us, it is assumed that observed sales quantities
reflect total realized customer demand and no lost sales occurred due to
stockouts. Additionally, customer information was also not shared with us
due to confidentiality. Product attributes, such as category and subcategory
types, are treated as fixed variables.

11.3.2 Constraints

The geographical scope of the project is restricted to two regions and the
scope of the analysis is restricted to three product categories. The available
historical data cover the years 2023-2025. The forecasting model is required
to generate results within a 24-hour time frame, as the company wants to
calculate the demand forecast within a day. For confidentiality reasons, the
dataset shared with us was anonymized and some numerical values were
altered before analysis.

11.3.3 Objective

The objective of this project is to forecast short-term (6-8 weeks) weekly
demand at the product—store pair level, representing the lowest level of
aggregation possible, across three product categories and two regions within
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24 hours by analyzing and identifying the dynamics that affect demand.
11.3.4 Solution Approach

Our proposed solution is a pipeline that first filters and clusters product-
store pairs, and then generates forecasts for each pair using the model as-
signed to its cluster. The Figure 11.1 shows the diagram describing the
proposed pipeline as follows:

Cluster Forecast
e e

Product-Store Pairs Filtering Feature-Based Cluster Forecast Forecast
o ) = Clustering "Regular-Low™ with XGBoost Results

Cluster "Exit” Cluster Forecast
"Steady-High" with Prophet

Figure 11.1: Diagram of the Proposed Solution Pipeline

Clustering was introduced because the analysis showed that products
with different demand characteristics require different model configurations
and, in some cases, entirely different forecasting models. Therefore, to en-
able more appropriate model selection and high accuracy, product-store
pairs with similar demand behaviour are grouped before model training.

Before clustering, history and activity filters were imposed to ensure
that the retained product-account pairs were suitable for modelling and
forecasting. The pairs excluded through the preprocessing were grouped
into two rule-based clusters, New and Exit, and will not be forecasted.

For the remaining pairs, clustering was performed using a hierarchical
two-stage K-Means methodology on product-account level sales data. Each
series was transformed into a fixed-dimensional feature vector capturing
key demand characteristics such as level, variability, intermittency, trend,
seasonality, and holiday responsiveness.

In the first stage, top-level K-Means clustering was applied to identify
broad structural groups in the data. Cluster validity was evaluated us-
ing multiple diagnostics, including internal validation indices, visualisations
and cluster feature profiles. In the second stage, the larger top-level cluster
was further sub-clustered to test whether additional meaningful structure
existed within it. Overall, this resulted in three forecastable clusters, along-
side Clusters New and Exit for excluded product-account pairs.

The final clusters are:

e Cluster New: Pairs only sold within the last year, excluded from fore-
casting

e Cluster Exit: Inactive or discontinued pairs, excluded from forecasting
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e Cluster Sparse-Spiky: Pairs with a highly intermittent demand pat-
tern, characterized by many zero-sales periods and occasional sharp
spikes

e Cluster Regular-Low: Pairs with a relatively regular demand pattern
but consistently low sales volume

e Cluster Steady-High: Pairs with a stable and continuous demand pat-
tern and comparatively high sales volume

The models chosen for the forecasting pipeline are Prophet and XG-
Boost. Prophet decomposes the time series into trend, seasonality, and
holiday effects. It can also handle missing observations and is particularly
suitable for series with stable patterns, strong seasonal structure and suffi-
cient historical data. (Phalachandra et al., 2023). Therefore, it is assigned
to Cluster Steady-High.

XGBoost utilises ensemble decision trees and captures temporal dy-
namics through lagged sales features, rolling statistics and calendar-based
features. It can learn complex and nonlinear demand patterns directly
from data without assuming a fixed trend or seasonal structure and model
asymmetric and delayed effects of events (Massaro et al., 2021; Chen and
Guestrin, 2016). Since we observed that XGBoost performs better for irreg-
ular and less-structured demand behavior, it is assigned to Clusters Sparse-
Spiky and Regular-Low. This required the development of two separate
XGBoost configurations since the optimal parameters differ according to
cluster behavior.

11.4 Validation

To ensure the robustness and reliability of the forecasting models, a compre-
hensive validation process against real-world data was conducted. Historical
sales data provided by the company is the basis for weekly demand fore-
casts, therefore this step includes comparing the proposed models’ forecasts
with realized sales using appropriate metrics such as RMSE.

A representative subset of product-store pairs was selected to assess
whether the model outputs were consistent in different settings and reflected
the outcomes observed in the real system. We checked that the main factors
affecting demands, such as seasonality and holiday effects, were captured by
the models correctly and their impacts on forecasts were as expected. 2023
and 2024 sales of the pairs were used to train the models and then their
forecasts were tested on the 2025 sales.

Each model was updated using hyperparameter tuning through grid
search. Comparing the RMSE values of these updated models, we tried to
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achieve the model that results in the lowest RMSE value for that product-
store pair. We selected final models prioritizing RMSE and sMAPE to
ensure better overall fit and stability. RMSE is useful for comparing fore-
cast accuracy of different models for a single product-store pair and sSMAPE
allows for scale-independent evaluation of the models across different pairs.
Through hyperparameter tuning, the test SMAPE of a model reduced from
156.30% to 80.67% over a scale of 200% while the baseline seasonal naive
model’s test SMAPE was found to be 94.33% for a representative pair.

In addition, we did cross-validation to evaluate the models’ stability
across different time windows and performed residual error analysis to iden-
tify potential systematic bias and determine whether the prediction errors
are randomly distributed as expected.

The validation results were found to be satisfactory and suggested that
the models are reliable and can produce accurate results for different pairs
under various conditions.

11.5 Integration and Implementation

At the delivery stage, the proposed system is implemented through a simple
and structured pipeline designed to integrate seamlessly into Mavi’s existing
data and decision-making infrastructure while requiring minimal changes to
current operations. The forecasting process follows a structured workflow
consisting of data extraction, preprocessing, model execution and forecast
generation.

The user provides the required input files, including sales and cluster
information, after which the forecasting pipeline is executed automatically.
The corresponding forecasting model is then selected and applied accord-
ing to the cluster assigned to each pair and the resulting weekly demand
forecasts are exported in Excel format. The developed interface shown in
Figures 11.2 and 11.3 helps standardize the execution procedure, reduce
manual intervention and ensure consistency in model usage across different
users. The outputs are generated in a format that can be directly integrated
into company processes such as inventory planning or store management.

The clustering step of the pipeline is executed only once initially to en-
sure operational efficiency. When new data becomes available, new product-
store pairs are first checked against the New and Exit rules. If neither rule
applies, they are assigned to the most appropriate existing cluster based on
the distance between their feature values and the cluster centroids, rather
than by re-running the clustering algorithm on the entire dataset. It is rec-
ommended that cluster definitions and assignments be periodically reviewed
and updated to ensure that they remain representative over time. The re-
sults showed that these conditions were met and that the system performed
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successfully in practice.

Finally, the modular design of the pipeline supports scalability across
a large number of product-store combinations and allows for straightfor-
ward maintenance and future extensions, such as the inclusion of additional
regressors or alternative models. Once deployed, model performance can
be continuously monitored using established metrics such as RMSE and
sMAPE, while a seasonal naive model may be retained as a fallback bench-
mark to ensure robustness in operational settings.

Demand Forecasting Tool

-
Short-term demand forecasting interface for bulk and single pair analysis. mavl &
. . Bulk Forecast jle Pai
Required Input Files

sales.csv

Bulk Forecast Execution
sales.csv

Upload complete Run only a limited number of pairs for
testing
accounts.csv
accounts.csv Run Bulk Forecast
Upload comploto

products.csv

products.csv

Bulk Output Preview
bil_calendar.csv

Show 10 v entries Search:
bil_calendar.csv

ProductCode  AccountCode  assigned_cluster ~ assignment_source  forecast_horizon  ForecastDate

holidays_all_new.xlsx 1 sparse_spiky existing_cluster 1 2026-01-05
holidays_all_new.xisx

2 sparse_spiky existing_cluster 2 2026-01-12

pair_clustered_final.csv
pair_clustered final.csv 3 sparse_spiky existing_cluster 3 2026:01-19

4 sparse_spiky existing_cluster 4 2026-01-26
Forecast horizon (weeks)

6 5 sparse_spiky existing_cluster 5 2026-02-02

Figure 11.2: User Interface: Bulk Forecasting Page

11.6 Benefits to the Company

To evaluate the effectiveness of the proposed solution approach, our fore-
casting pipeline was benchmarked against the black-box system currently
used by the company. The comparison showed that our approach improved
sMAPE by 28.5%, despite generating forecasts at the significantly more
granular product-account pair level, whereas the existing system operates
only at the product level. Achieving better forecasting performance even at
this lower level of aggregation, where demand patterns are inherently more
volatile and difficult to predict, is a strong indication of the robustness and
practical value of the proposed approach.

In addition to the overall forecasting accuracy, we also evaluated the
weekly overestimation and underestimation behavior of the models. Com-
paring the weekly under and overestimation error levels of our system and
the current blackbox, we increased the weekly accuracy by approximately
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Demand Forecasting Tool —

Short-term demand forecasting interface for bulk and single pair analysis. mavl
X . Bulk Forecast Single Pair Forecast
Required Input Files

sales.csv

Single Pair Execution
sales.csv

Upioad compiota AccountCode
accounts.csv

accounts.csv ProductCode
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products.csv Run Single Pair Forecast

Upload complete.
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bil_calendar.csv

Upload complete.

holidays_all_new.xlsx Single Pair Output Preview

holidays_all_new.xIsx Show 10 v entries Search:

Upload compiste ProductCode ~ AccountCode  assigned_cluster  assignment_source  forecast_horizon  ForecastDate

pair_clustered_final.csv

1 regular_low existing_cluster 2026-01-05

pair_clustered_final.csv

Upload complete

~

2 regular_low existing_cluster 2026-01-12

Forecast horizon (weeks)

w

3 regular_low existing_cluster 2026-01-19

8

Figure 11.3: User Interface: Single Pair Forecasting Page

40.9%. This gain is not only statistically meaningful but also operationally
critical. The improvement at the weekly level indicates that the proposed
model captures demand patterns more effectively, supporting more reliable
planning decisions. As a result, the proposed solution contributes to more
efficient inventory management and improved product availability in stores.

Another important advantage is that the models can be applied flexibly
across different product-store segments. The proposed forecasting system
can be implemented seamlessly for over 5000 different product types in
Mavi’s catalogue that are sold at over 4000 selling points in 34 countries.
By providing historical sales data of desired product-store pairs and accu-
rate local holiday dates, the system can be adapted to different needs with
minimal alterations.

11.7 Conclusion

This project demonstrates that a data-driven forecasting approach can pro-
vide strong demand prediction performance in a complex retail environment.
By incorporating time series dynamics, seasonality and external factors, the
proposed forecasting pipeline provides a scalable and interpretable solution
that aligns well with the company’s operational requirements. The results
indicate that the system meets the organization’s expectations in terms
of both forecasting accuracy and practical applicability. Beyond forecast-
ing performance, the proposed solution also offers operational and strategic
value by reducing dependence on third-party forecasting providers, increas-
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ing transparency in the forecasting process and enabling demand planning
decisions to be managed more effectively in-house. Improved forecasting
performance also helps reduce exposure to stockout risk and excess inven-
tory by supporting more informed replenishment and allocation decisions.
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Magaza Yerlesimini Dikkate Alan
Depo Uriin Yerlestirme Eniyilemesi 12
icin Ardisik Bir Cerceve
A101 Yeni Magazacilik

ll—rllltﬁ

Proje Ekibi
Oguz Oral, Kaan Oztiirk, Erberk Saydan,
Hasan Utku Senkaya, Kerem Arda Tantekin, Selin Uysal, Ogulcan Yavuz

Sirket Danigmani Akademik Danmigman
Ismail Gokhan Kaya Dr. Ogr. Uyesi Gizem Ozbaygin
Depo Operasyonlar1 ve Projeler Endiistri Miithendisligi Boliimi
Midiiri
Ozet

Bu proje, A101’in depo operasyonlarini veriye dayali, ¢ok agamali bir opti-
mizasyon cercevesiyle iyilestirmeyi amaglamaktadir. Mevcut sistemde iirtin
yerlesimleri deneyime dayali olarak belirlenmekte, bu da toplayicilarin uzun
mesafeler kat etmesine ve verimsiz palet yapilarima yol acmaktadir. One-
rilen cerceve ii¢ asamadan olugmaktadir: yiliksek etkili tiriinleri girig nok-
tasina yakin konumlandiran Altin Bolge Modeli, tiim tirtinleri dayaniklilik
siniflarina gore depo hiicrelerine atayan Yerlegtirme Modeli ve depo diize-
nini magaza raf plamyla uyumlu hale getiren Son Islem agsamasi. Gergek
operasyon verileriyle yapilan performans testleri, palet bazli toplama me-
safesinde ortalama %21,20 iyilesme saglamstir. Gelistirilen Karar Destek
Sistemi A101’in 58 bolgesel deposuna uyarlanabilir yapidadir ve sirket yet-
kililerince gergeklestirilen fizibilite analizi sonucunda uygulamaya uygun bu-
lunmustur.

Anahtar Sozciikler: Depo optimizasyonu, iiriin yerlestirme, siparis top-
lama, paletleme, karar destek sistemi.
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A Sequential Framework for Store
Layout-Aware Warehouse Slotting
Optimization
Abstract

This project optimizes warehouse operations for A101 by replacing experience-
based product placement with a data-driven, multi-stage optimization frame-
work. The current system leads to excessive picker travel distances and un-
stable pallet structures. The proposed framework consists of three phases:
a Golden Zone Model that consolidates frequently picked and strongly re-
lated products near entry points; a Slotting Model that assigns all products
to storage cells based on durability classes and picking frequency; and a
stability-constrained post-processing phase that aligns the warehouse layout
with downstream store shelf organization through controlled local swaps.
Performance testing with real operational data using a pallet-level travel
distance simulation showed that the proposed layout achieved an average
improvement of 21.20% in picking distance under a controlled single-pallet
benchmark agreed with the company as the most operationally represen-
tative measure. The developed Decision Support System is scalable across
A101’s 58 regional warehouses, and a feasibility analysis conducted by the
company confirmed the solution’s readiness for deployment.

Keywords: Warechouse optimization, order picking, slotting, palletizing,
decision support system.

12.1 A101 and Problem Identification

12.1.1 Company Description

A101 Yeni Magazacilik A.S. is one of Turkey’s largest discount supermar-
ket chains, operating over 13,000 stores across all 81 provinces with more
than 70,000 employees (A101, 2025). The company manages 58 regional
warehouses, approximately 7,000 warehouse staff, and a central distribu-
tion network dispatching daily shipments to every store.

Each warehouse is organized into five temperature zones: Dry storage,
Cold (44°C), Fruit/Vegetable (+12°C), Frozen (—18°C), and Meat/Poultry
(0-2°C). The dry storage area uses lettered rows and numbered columns to
systematically locate products (Figure 12.1). Selectors navigate the ware-
house using handheld terminals, picking items sequentially; each selector
currently picks an average of 14 pallets per shift.
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Warehouse Cells Used for Product Picking Operations
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Figure 12.1: Schematic layout of the Esenboga dry-storage warehouse with
lettered rows and numbered columns used for picking operations.

12.1.2 Problem Definition

Analysis of five months of order data from the Esenboga Warehouse, cover-
ing 1,389 products, 17 product groups, 309 goods categories, and 415 orders
from 10 stores, revealed significant inefficiencies. A heatmap of storage-
location visit frequencies (Figure 12.2) showed that frequently picked prod-

ucts are scattered across distant aisles rather than being spatially consoli-
dated.
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Figure 12.2: Heatmap of cell visit frequencies (log scale); darker red cells
indicate higher visit counts, green cells are rarely visited.

The root causes are threefold:
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e Product placement relies on manager experience rather than data,
creating inconsistency across warehouses.

e The palletization order disregards store shelf layouts, increasing shelf-
stocking time at the destination store.

e Mixing food and cleaning products on the same pallet violates hygiene
regulations and complicates store receiving.

The project’s performance measures are total picker walking distance, pallet
stability, and alignment with store shelf layouts. The primary deliverable
is a Decision Support System (DSS) that generates optimized layouts ap-
plicable to all 58 A101 warehouses.

12.2 Proposed Solution Strategy

The proposed framework addresses warehouse slotting through a hierarchi-
cal, three-stage optimization pipeline. The warehouse is first partitioned
into two operationally independent halves (Food and Cleaning) based on
the hard constraint that these categories must not share pallets. Within
each half, a three-stage optimization is applied. Recent literature confirms
the effectiveness of such coordinated warehouse design approaches (Van Gils
et al., 2018; Duque-Jaramillo et al., 2024).

12.2.1 Phase I: Golden Zone Model

The Golden Zone Model selects a focused subset of products for placement
in a contiguous, easily accessible region near the warehouse entry point.
The model maximizes a weighted combination of individual product fre-
quency and pairwise product affinity, formulated as a Quadratic Knapsack
Problem (Gallo et al., 1980). The affinity matrix is constructed from histor-
ical joint-purchase patterns (Chan and Chan, 2011), with sparsity filtering
to reduce computational complexity. The complete mathematical formu-
lation is given in Appendix 12.A. The capacity parameter is determined
heuristically based on the physical layout of corridors connecting fixed start
and end points within each warehouse half, resulting in four product clus-
ters: Golden Zone Food, Regular Food, Golden Zone Cleaning, and Regular
Cleaning.

12.2.2 Phase II: Slotting Model

The Slotting Model assigns each product to an exact storage location within
its designated zone, following a Generalized Assignment Problem architec-
ture (Viveros et al., 2021). The objective minimizes total weighted Man-
hattan distance between entry/exit points and each product’s assigned cell,
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weighted by picking frequency. A detailed formulation is reported in Ap-
pendix 12.B. The Class Zone Matching constraint ensures that heavier prod-
ucts are picked before lighter ones, improving pallet stability during trans-
port. The durability class assignments used by this logic are summarized
in Figure 12.3.

Figure 12.3: Durability class coefficients by product group, ranging from
class 1 (heaviest, picked first) to class 5 (lightest, picked last) to ensure
pallet stability:.

Zone reservations use a dynamic “Flow Ratio” heuristic that assigns each
storage slot a normalized flow score based on its relative position between
entry and exit points.

12.2.3 Phase III: Store Layout Alignment

After Phase II produces an optimized base layout, a post-processing phase
adjusts product positions to improve compatibility with downstream A101
store shelf organization. As illustrated in the representative store layout
in Figure 12.4, related product categories occupy contiguous shelf blocks
within each A101 store; when products destined for neighboring shelves
are picked from distant warehouse locations, store replenishment becomes
slower and less efficient. The goal of Phase III is to replicate this spatial
coherence within the warehouse itself.

Phase III employs a stability-constrained tie-break swap approach. The
Phase I1 solution is preserved as the base layout; Phase III evaluates pairwise
swap candidates and accepts a swap only if four conditions are simultane-
ously satisfied:

e Same durability class: both products belong to the same class so pallet
stability is preserved.

e Close picking frequency: the absolute frequency difference does not
exceed a tie-break threshold (¢ = 0.002), ensuring swaps occur only
among near-identical-priority products.
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Figure 12.4: Representative A101 store layout with contiguous shelf blocks
for related categories. Phase III replicates this spatial coherence in the
warehouse.

e Positive family distance gain: the swap reduces total Manhattan dis-
tance among products in the same store shelf family (A > 0).

e Bounded operational cost: the picking cost increase (frequency x dis-
tance) stays below a tolerance (7 = 0.05).

A hard budget limits affected cells to at most 50. This limit was jointly
determined with the industrial advisor specifically to bound the potential
negative impact of post-processing on the base optimization; the company
required that layout changes remain small enough to be operationally man-
ageable and visually auditable. Each swap affects exactly two cells, yield-
ing at most 25 accepted swaps. At each iteration the algorithm selects the
globally best qualifying swap, applies it, and locks the involved products
to prevent repeated movement. The process continues until the budget is
exhausted or no further qualifying candidates remain, guaranteeing that the
selected swaps represent the best possible 50 cell changes under the given
constraints.

12.3 Verification, Validation, and Feasibility

Model verification was conducted through controlled tests for both opti-
mization models:

e Slotting Model: Continuity tests confirmed layout stability under uni-
form frequency scaling, degeneracy tests verified cost sensitivity by
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penalizing optimal cells, and a mirror-world experiment with inverted
distance matrices confirmed correct assignment logic.

e Golden Zone Model: Capacity sensitivity analysis showed monotonic
objective improvement with increasing zone size, and dominance ex-
periments confirmed the intended priority structure when frequency
or affinity was neutralized.

Validation assessed compatibility with actual A101 operations: model
assumptions were checked against physical conditions at the Esenboga ware-
house, and the optimized layout was compared with the current system
using historical order sets through a pallet-level travel distance simulation.
Additional scenario analyses covered peak demand, low demand, mixed cat-
egory, fragile-only, and heavy-only orders.

A feasibility analysis was conducted in collaboration with A101’s ware-
house operations management. The industrial advisor reviewed the DSS
outputs, including cell assignments, zone boundaries, and product group
mappings, against physical constraints such as aisle widths, shelf capac-
ities, and temperature zone boundaries. The industrial advisor formally
approved the solution’s applicability, confirming that the proposed layout
is operationally deployable under real warehouse conditions.

12.4 Results

Performance was evaluated through a pallet-level picking simulation com-
paring travel distances under the current and proposed configurations. The
DSS replays historical orders and measures total distance per pallet. Dura-
bility constraints were respected throughout, and all reported improvement
rates represent averages across the full set of test orders. Three comparison
settings were used:

e Setting 1, Actual picker order vs. proposed layout with nearest neigh-
bor (NN): This primary comparison measures distance in the current
layout using the actual historical selector route against the proposed
layout with NN routing. The NN algorithm closely approximates real
picking behavior as selectors tend to move toward the next closest
feasible location. Average improvement: 61.24%.

e Setting 2, NN on both layouts: Applying the same NN routing to
both configurations isolates the pure layout effect by eliminating any
influence of suboptimal selector routing in the baseline. Average im-
provement: 15.06%.
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e Setting 3, Single giant pallet: Each store order is treated as one con-
solidated pallet, removing pallet-allocation confounds and providing
a more controlled benchmark. Average improvement: 21.20%.

Following a joint review with the industrial advisor, Setting 3 was jointly
identified as the most operationally representative benchmark because it
eliminates confounding factors related to pallet allocation and routing vari-
ability. The 21.20% improvement was formally agreed upon with the in-
dustrial advisor as the reference rate for all subsequent operational benefit
projections.

Golden Zone utilization analysis showed that on average 63% of products
in an order are picked from the Golden Zone, confirming the substantial
contribution of Phase I to the observed distance reduction.

Siparis 5334891288 toplama haritasi
Eski urun=95, Eski stop=95, Yeni urun=95, Yeni stop=95, Koridor
Selected_Food GZ urun=65, Selected_Food GZ ki

Eski Duzen | Excel Sirasi | 3237.0 m

Figure 12.5: DSS route comparison between the current layout (left,
3237.0m) and the proposed layout (right, 1222.0 m) for the same order. Red
and blue lines trace the picker’s walking path through warehouse aisles.

Phase III post-processing accepted 25 swaps affecting 50 cells (the full
budget) with an overall impact rate of 3.91%. All 14 affected Golden Zone
cells fell in the Food section; the Cleaning section remained unchanged. As
shown in Figure 12.6, the changes are spatially localized, predominantly
short-range movements within the same zone, validating the design intent
of controlled, local corrections that improve store-family proximity without
disrupting the base solution.

12.5 Integration, Implementation, Benefits

12.5.1 Decision Support System

All optimization outputs are integrated into a scalable DSS whose five-
step workflow is shown in Figure 12.7: (1) Data upload via Excel files
containing product and warehouse information; (2) Golden Zone analysis
execution with configurable parameters; (3) Slotting and cell assignment
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Figure 12.6: Phase III impact map for Esenboga warehouse. Purple-
bordered cells indicate changed product assignments; arrows show move-
ment direction from new to previous cell.

with durability-class enforcement; (4) Warehouse map visualization show-
ing product locations with durability-class color coding; and (5) Perfor-
mance testing with pallet-level route comparison between current and pro-
posed layouts. The system accepts any warehouse layout as input, making
it adaptable to all 58 A101 regional warehouses without requiring model
modifications. Warehouse managers can rerun analyses for different ware-
house geometries, campaign periods, and product mixes without rebuilding
the optimization models, supporting future rollouts and periodic slotting
adjustments across the distribution network.

12.5.2 Pilot Study

The Esenboga warehouse was selected as the pilot site. Following feasibility
approval from the industrial advisor, the deployment was scheduled to start
in the first week of July 2026, immediately after Eid al-Adha, which marks
a lower-demand window suitable for warehouse reorganization. The transi-
tion plan requires six Sundays for physical relocation of products, a short
adaptation period for selectors to become familiar with the new positions,
and a phased feasibility check before broader rollout across other regional
warehouses. This confirmed schedule demonstrates that the project has
moved beyond the analytical stage into an active implementation pipeline.

12.5.3 Benefits to the Company

The proposed system replaces A101’s experience-based placement with a
repeatable, data-driven decision process. The durability-based picking logic
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Basarili

Performans testi raporu olusturuldu.

Figure 12.7: DSS five-step workflow: data upload (Step 1), Golden Zone
analysis (Step 2), slotting (Step 3), map visualization (Step 4), and perfor-
mance testing (Step 5).

improves pallet stability, strict food—cleaning separation supports hygiene
compliance, and Phase III groups products compatibly with store shelf or-
ganization, helping store personnel replenish shelves faster.

A key indicator of the framework’s effectiveness is the Golden Zone uti-
lization rate: on average, 63% of products in any given order are picked
from the Golden Zone, confirming that Phase I successfully consolidates
the most frequently needed items into the accessible entry-point region, one
of the project’s primary design goals.
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Using the 21.20% distance improvement as the basis for projections at
company scale:

e Increased store coverage capacity: The current workload is completed
with only 78.8% of the original travel distance, yielding an effective
throughput increase of 21.2/78.8 ~ 26.9%. Applied to the 13,000-
store network, this translates to approximately 3,500 additional stores
serviceable by the same infrastructure.

e Workforce optimization: The same order volume could be fulfilled
by approximately 2,049 selectors (2,600 x 0.788), freeing roughly 551
positions for redeployment or absorption through natural attrition.

e Selector throughput increase: Each selector’s daily throughput is pro-
jected to rise from 14 to approximately 18 pallets per shift (14/0.788 =
17.8, a 1.27x improvement).

12.6 Conclusions

This project developed a three-stage optimization framework for A101’s
warehouse product placement. The Golden Zone Model identifies high-
impact products via frequency and affinity analysis, the Slotting Model
assigns products to locations while enforcing pallet stability, and the post-
processing phase aligns the layout with store shelf configurations through
controlled swaps bounded by a 50-cell budget jointly determined with the in-
dustrial advisor. Performance testing showed up to 61.24% improvement in
picking distance, with a conservative benchmark of 21.20% formally agreed
upon with the industrial advisor for operational projections. The feasibil-
ity analysis confirmed deployment readiness, and the pilot at the Esenboga
warehouse was scheduled for July 2026. Future work includes extending the
framework to cold-storage and frozen zones, integrating real-time demand
forecasting, and measuring field performance after deployment.
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Appendices
12.A Golden Zone Model Formulation

Symbol Description

I set of candidate products

K set of product categories

Sk subset of candidate products in category k

b normalized picking frequency of product

Ajj affinity score between products ¢ and j

C Golden Zone capacity

Mazxy, upper bound on selected products from category
k

a, B weights of frequency and affinity terms

T 1 if product 7 is selected for the Golden Zone; 0
otherwise

Zij 1 if products ¢ and j are jointly selected; 0 other-
wise

max Z:Oézpll’l—FBZZA”Z”

iel iel j>i
icl
Zmi < Mazx;, Vke K
€Sy
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12.B Slotting Model Formulation

Symbol Description

1 set of products to be assigned

J set, of eligible storage locations

K set of durability classes

fi picking frequency of product 4

Djx,Djy travel distances from the entry and exit points to
location j

Gik 1 if product i belongs to class k; 0 otherwise

Zjk, 1 if location j is reserved for class k; 0 otherwise

Tij 1 if product i is assigned to location j; 0 otherwise

min Z = Z Z[fz - (Djx + Dyy)] -

el jeJ
s.t. Z‘TU:l Viel
jeJ
Z.I'ij =1 VJ eJ
el
Ty < ZszZ]k Vie 1, JE J
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Miisteri Deneyiminin iyilegtirilmesi
13 I¢cin Olciim, Degerlendirme ve
Operasyonel Planlama

Tepe Kurumsal Coziimler

Proje Ekibi
Doga Aynaci, Zeynep Melis Bakan, Yunus Emre Dermencioglu, Dervig
Mehmet Ding¢, Yunus Ozcan Malkaya, Ahmet Serdar Yakici

Sirket Danigsmani Akademik Danigman
Melih Giinaydin Prof. Dr. Nesim Kohen Erkip
Veri Analitigi Uzman Yardimcis Endiistri Miithendisligi Boliimi
Ozet

Miigteri deneyimi verilerinin operasyonel siireclere entegre edilmesini he-
defleyen bu projede, Tepe Kurumsal Coziimler icin veri odakli bir ka-
rar destek sistemi gelistirilmistir. Proje kapsaminda, miisteri geri bildirim-
lerini sayisallagtiran makine 6grenmesi tabanli bir memnuniyet skorlama
yaklagimi ile bu ¢iktilar: denetim planlama siireclerine entegre eden matema-
tiksel modeller tasarlanmistir. Gelistirilen sistem; denet¢i atama, donemsel
planlama ve reaktif giincelleme mekanizmalarini biitiinlesik bir yapi altinda
birlestirerek is yiikii dagiliminda denge saglamis, planlama stireclerini daha
uygulanabilir ve kontrollii hale getirmistir. Ayrica, miisteri memnuniyet-
sizligini erken agamada tespit ederek proaktif miidahale imkani sunmus ve
denetim kaynaklarimin daha verimli kullanilmasina katk: saglamigtir.

Anahtar Sozciikler: Migteri Deneyimi, Karar Destek Sistemi, Atama,
Denetim Planlama, Makine Ogrenmesi, Reaktif Planlama.
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Measurement, Evaluation, and Operational
Planning for Improving Customer
Experience

Abstract

This project developed a data-driven decision support system for Tepe Ku-
rumsal Coziimler with the aim of integrating customer experience data into
operational processes. Within the scope of the project, a machine learning—
based satisfaction scoring approach was designed to quantify customer feed-
back, and mathematical models were developed to incorporate these outputs
into audit planning processes. The proposed system integrates auditor as-
signment, periodic scheduling, and reactive update mechanisms into a uni-
fied framework, improving workload balance and enabling more controlled
and feasible planning. In addition, it allows early detection of customer dis-
satisfaction signals, supporting proactive interventions and more efficient
utilization of audit resources.

Keywords: Customer Experience(CX), Decision Support System, Audi-
tor Assignment, Routine Scheduling, Machine Learning,Reactive Schedul-
ing.

13.1 Company and Problem Definition

Founded in 1989, Tepe Kurumsal Coziimler is Turkey’s leading provider of
integrated facilities and corporate services, operating through six special-
ized subsidiaries — Tepe Giivenlik, Tepe Tesis Yonetimi, Tepe Gurme, Tepe
ISG, Tepe Pro, and Tepe One — that collectively deliver private security,
facility management, catering, occupational health and safety, and expense
management solutions. With nearly 30,000 employees and a nationwide
service network serving over 1000 clients across banking, energy, manufac-
turing, healthcare, and education sectors.(Tepe Kurumsal Coziimler, 2026)

Tepe Kurumsal Coztimler manages its customer relationships through a
CX team supported by 45 auditors — 22 internal and 23 external — who
conduct project-based operational audits across nationwide sites. Customer
feedback is gathered through surveys, field visits, and complaint records, yet
remains scattered across emails, Excel files, and disconnected platforms.
Audit schedules are experience-driven, and dissatisfaction signals surface
only during monthly management meetings.

Annual visit plans are prepared without explicitly accounting for work-
load fairness, and equitable coverage across the entire customer portfolio
cannot be guaranteed. Survey structures are not standardized across ser-
vice lines — question sets, scale definitions, and scoring methods vary by
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company and service type — causing similar feedback to receive different
ratings and rendering cross-service comparisons unreliable. The audit vis-
iting mandate is triggered only after observable dissatisfaction signals have
already emerged, such as low survey scores, serious complaints, or termi-
nation notices. Analysis of conducted audits for single-service customers
takes approximately 10 days, while consolidating reports for multi-service
customers may extend to two to three months, eliminating the possibility
of early intervention.

Signing of Audit Visits Interpretation Decision-Making
Service — e —— And Collectiom—»0f Feedback—> by ——>Regarding The
Agreement Delivery Of Feedback Resp Meetings Customer

Figure 13.1: Current System Flow Chart.

13.2 Model and Proposed System

The proposed DSS follows the operational sequence used in implementa-
tion: Initial Assignment (MIP) — Assignment Heuristic (large instances)
— Daily Bundle Heuristic — Routine Scheduling (year-start / mid-year)
— Reactive Monthly Update. All modules run behind the desktop interface;
Excel is used as the structured data layer for inputs and outputs.

Model Model

Red Alert Urgent Visit
Machi Updated
(Satisfaction———— Planning e
Feedback Learning Module score < 6) Algorithm Schedule

Figure 13.2: System Workflow Diagram.

Machine Learning (Satisfaction Scoring)

Open-ended customer comments are processed via text cleaning and nor-
malization and then scored using a BERT-based satisfaction scoring model.
These scores are mapped to a 0-10 scale and combined with numerical sur-
vey responses. Customer-level averages and category-level dissatisfaction
ratios are then computed. Customers with scores below the threshold are
flagged as Red Alert and passed to the reactive layer.
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Phase I: Auditor Assignment Model (Job-Based Formulation with
Workload Fairness)

The Phase I model determines which auditor should be assigned to each
predefined audit job. A job may represent a single-customer task or a
predefined bundle covering multiple customers. The assignment is made
at the job level so that all activities implied by a job are handled by a
single auditor. To ensure scalability in large instances, the implementation
applies: (i) candidate filtering to reduce A;, and (ii) time-budgeted solving,
where the best feasible incumbent within the allowed time is accepted. The
detailed mathematical formulation can be found in Appendix 13.A.

Large-Scale Assignment Heuristic

In cases where the number of projects and auditors becomes very large, the
solution time of the assignment model increases significantly. To address
this issue, a two-stage heuristic approach has been developed. In the first
stage, instead of using all auditors, a smaller core set of auditors is selected
and the assignment problem is solved on this subset (seed solution). This
stage includes the constraints of the classical assignment model; each project
is assigned exactly to one auditor, > x,; = 1, and auditor workload ca-
pacity and operational constraints are satisfied. In this way, the problem
size is reduced and a fast and feasible initial solution is obtained.

In the second stage, the projects assigned to each auditor in the core
solution are redistributed among all auditors within the group associated
with the corresponding auditor. This redistribution is carried out using a
heuristic algorithm in which projects are considered in decreasing order of
their cost/workload magnitude with respect to the reference auditor, and
each project is assigned to candidate auditors in the group according to the
following multi-criteria score function:

La + Ca,j

N,+1 Ca.i
Score(a, j) = a—— + B + ) —
(a,7) L N MiNyeq(j) Cb,j

Here, L, denotes the current workload of auditor a, N, denotes the
number of assigned jobs, ¢, ; denotes the project-auditor cost, and G(j)
represents the auditor group associated with project j. After the initial
assignment, the solution is further improved using a relocation-based local
search that minimizes the following objective function to enhance workload
and job-count balance:

L - Lmin

N, —N.
Ob- — A max _ max min
J 17

+ (1 =) &
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This structure is inspired by list-based heuristic approaches used in par-
allel machine scheduling problems, enabling a balanced and implementable
assignment while significantly reducing the solution time (Su et al., 2017).

Daily Bundle Heuristic

In cases where the number of projects is high, manually creating bundles
one by one and entering them into the system can lead to significant time
loss in the assignment model. To address this issue, an automatic bundle
generation heuristic operating under a daily working time constraint has
been developed. The objective is both to reduce the manual workload of
bundle preparation and to ensure that the total operation time for each
bundle does not exceed the predefined daily limit H:

Z ti,j+ZUjSH

(1,j)€R(B) jeEB

Here, t;; represents all travel times along the route (including travel
from the office to the first project, transitions between projects, and the
return to the office after the last project), v; denotes the service time at
project j, B represents the set of projects within the bundle, and R(B)
denotes the set of route connections associated with the bundle.

In the first stage, projects are sorted based on their polar angles relative
to their associated office (home) locations, and initial bundle candidates are
generated using a sweep (angular clustering) approach. In the second stage,
for each candidate group, the route is initialized with a seed project and
the remaining projects are sequentially inserted using a cheapest insertion
heuristic. When inserting a project j between two consecutive nodes ¢ and
k on the route, the marginal cost is computed as follows:

A, j k) =alti; +tjr — tix) + Bu;

The insertion with the minimum cost is selected, and only those in-
sertions that do not violate the daily time constraint are accepted. After
constructing an initial solution, the route sequence is further improved using
a 2-opt based local search, minimizing the total travel time:

min Z tiJ‘
(i,5)ER(B)

Feasible and operational daily bundles that can be directly used in the
assignment model are generated automatically, eliminating the need for
users to manually construct bundles one by one (Solomon, 1987).
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Phase II: Job-Based Audit Scheduling Model with Selective Cov-
erage

This phase plans customer visits over a finite annual planning horizon while
satisfying contractual minimum visit requirements and balancing workload
across months. The model is executed independently for each auditor after
the assignment phase.

The planning unit is a job. A job may cover a selective subset of cus-
tomers. When a job is executed in a given month, only the customers
covered by that job are considered visited. This reflects the company’s op-
erational practice, where a city visit does not necessarily imply visiting all
customers in that city.

The model ensures minimum annual visit fulfillment, supports selec-
tive job coverage, balances monthly workload, and discourages repeated
consecutive-month visits without making them infeasible when contractual
requirements are tight.

The scheduling module supports both year-start planning and mid-year
replanning. In mid-year mode, completed visits are read from the exist-
ing schedule, deducted from requirements, and only the remaining visits
are replanned. The module produces both detailed schedule tables and
scheduling KPI sheets, including monthly workload distributions. The de-
tailed mathematical formulation of the scheduling model can be found in
Appendix 13.B.

Phase III: Reactive Tasks (Monthly Reactive Update Algorithm)

In Phase III, a monthly reactive planning algorithm is applied to update
the annual plan with minimal operational disruption. A reactive visit is
an unplanned, urgent audit request that arises outside the routine annual
schedule, typically triggered by a low satisfaction score or a customer com-
plaint. At the beginning of each month, the existing plan is updated based
on incoming reactive visit requests. As inputs, the current schedule, the list
of reactive requests, and system parameters (StartMonth, WeeklyHours,
FrozenMonths) are used. Reactive requests are processed in the order they
are received (i.e., by submission timestamp), without any priority-based
reordering, and are assigned to the currently responsible auditor of the cor-
responding project; reassignment is not allowed.

For each auditor a and month m, the monthly capacity is computed as

DaysInMonth(m)

MonthlyCap(a, m) = WeeklyHours(a) - -

The reactive insertion window is defined as:
WindowCap(a, m) = 0.5 - MonthlyCap(a, m),
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which approximately represents a two-week capacity. If the duration of a
reactive task exceeds this window, it cannot be inserted into that month.

The algorithm proceeds in three main steps. First, completed tasks
are locked (Status = Done), and tasks scheduled before StartMonth but
not yet completed are carried over as backlog to the starting month. If
capacity is exceeded, these tasks are postponed to future months. Frozen
months — months that are locked for planning purposes because operational
commitments have already been made — cannot be used for either insertion
or postponement.

Second, for each auditor-month pair, the remaining capacity is calcu-
lated as

RemainingMonthlyCap = MonthlyCap — Locked Workload,
RemainingWindowCap = 0.5 - MonthlyCap.

Finally, reactive requests are processed sequentially. For each request,
the initial target is StartMonth; if the month is frozen, the next feasible
month is considered. If RemainingWindowCap is sufficient, the request
is inserted and capacities are updated. If not, cancellable contract tasks
(CancelledDueToReactive) are removed within the same month to create
capacity. If capacity is still insufficient, the request is either shifted to the
next feasible month or postponed further. This process continues until the
request is successfully inserted or becomes infeasible.

The planning horizon is effectively unbounded; tasks can be shifted be-
yond month 12 (e.g., to months 13, 14, etc.), while frozen constraints apply
only to months 1-12. After a reactive insertion, planned visits for the same
project in the insertion month and the following month are removed and
marked as Removed AsDuplicateAfterReactive.

The algorithm is deterministic (order-preserving), auditor-bound (owner-
preserving), sensitive to contract priorities, respectful of frozen months, and
non-destructive (updating statuses instead of deleting tasks).

13.3 Validation

All models proposed within the audit planning and assignment system were
verified and validated; full technical details are provided in the Final Re-
port. The proposed system was validated across both the machine learning
component and the audit planning modules, with a focus on alignment with
realistic operational expectations. For the machine learning model, valida-
tion was conducted on historical audit records split into training and test
sets (see Final Report for exact dates and volumes). Training and test er-
rors were observed to be close, indicating good generalization, and most
predictions remain within a narrow error range of actual values.
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For the audit planning modules, validation was conducted through mul-
tiple scenario runs on both synthetic and company-provided datasets. The
assignment model was validated against the company’s previous-year au-
dit data under a single-auditor scenario; the resulting weekly workload of
approximately 56 hours was operationally plausible given the unplanned
nature of prior operations. The bundle heuristic was validated on a real
dataset of 218 company projects, where bundling reduced job count by
48.2% and total operation time by 28.0%. The scheduling model’s outputs
were independently recalculated and matched the model results exactly.
The most significant improvement was observed in workload balancing:
compared to a random assignment baseline, workload standard deviation
decreased from 20.42 to 2.78, the workload gap decreased from 52.87 to
6.98 hours, minimum workload increased from 21.55 to 40.28 hours, and
maximum workload decreased from 74.41 to 47.26 hours. When integrated
with the scheduling module, workload balance improvements were preserved
throughout the planning pipeline. The reactive planning module was vali-
dated using company-based scenarios derived from real project data, where
all 20 reactive requests in the stress test were successfully placed; the system
responded consistently to operational constraints such as frozen periods and
changing run months, producing outputs that are both logically consistent
and managerially interpretable.

Overall, the system produces consistent and meaningful outputs; how-
ever, due to limited geographical differentiation and the absence of historical
reactive demand data, the results should be interpreted as a proof of con-
cept.

13.4 Benchmarking and Benefits

The proposed system was benchmarked to evaluate its performance under
different operational scenarios.

For the assignment model, benchmarking under bundled and non-bundled
settings confirmed model correctness and improved workload balance. Bund-
ling preserved feasibility and produced balanced assignments even in single-
auditor scenarios, while demonstrating strong scalability in larger instances
(e.g., 45 auditors). Although the total workload reduction was limited (ap-
proximately 20 hours), this is mainly due to operational constraints such as
the 8-hour limit and short travel distances.

For the planning model, the bundled approach resulted in more bal-
anced monthly workloads and improved schedule feasibility. Compared to
the previous non-bundled plan (approximately 2780 hours), the total audit
duration was reduced to around 2004 hours, indicating a significant effi-
ciency gain.

139



For the machine learning module and the reactive planning algorithm,
direct benchmarking is not available due to the absence of standardized
baseline systems, and results should be considered preliminary due to lim-
ited data and the lack of full operational deployment.

Overall, the system improves workload balance and operational effi-
ciency, reduces total audit time, and enables scalable management of in-
creasing audit volumes, providing a strong foundation for data-driven deci-
sion making.

13.5 Implementation and Integration

The developed system was evaluated through a controlled pilot study un-
der realistic conditions. Due to data security considerations, the system
was deployed in a standalone environment and tested locally, with active
involvement of the industrial adviser.

The user interface serves as the central control layer of the system, en-
abling users to manage data inputs, execute models, and analyze outputs
in an integrated and user-friendly environment (see Figure 13.3). The data
input module allows users to upload required datasets such as customer lo-
cations, job definitions, and operational parameters. The model execution
panel enables users to run the assignment, scheduling, and reactive planning
modules in a sequential and integrated manner.

Miisteri Deneviminin ivilestirilmesi icin Olciim ve Planlama @

—Gei Denetim Planlama

Denetim dosyasi @

Gikig dosyasi @

g

Giinliik Bundle Olusturm:
Alpha o

Beta @

Denetimci Atama Modeli

Bundle'h Atama
Goziim siiresi o

ilerleme arahig: @

Tahmini hiz o

O O OO

Tek Denetimci Planlama
Tohum denetimci sayisi (]

Sezgisel modelin alpha degeri e

Figure 13.3: Audit planning and parameter configuration interface.

The system operates as a closed-loop structure: assignment outputs are
transferred to the scheduling model, and scheduling results, combined with
machine learning—based satisfaction scores, trigger the reactive algorithm
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when necessary. The dashboards provide visual and numerical summaries of
key performance indicators, and the system generates structured analytical
reports integrating all module outputs for joint evaluation.

The pilot study evaluated system performance under real operational
conditions, analyzing the consistency of machine learning—based satisfaction
scores with field observations, the responsiveness of the reactive algorithm,
and the impact of assignment and scheduling models on workload balance.
Throughout the pilot phase, user feedback was collected and improvements
were made to the interface design, model parameters, and reporting struc-
ture.

13.6 Conclusion

The developed decision support system combines machine learning—based
satisfaction analysis with optimization models for assignment, scheduling,
and reactive planning, enabling a proactive and data-driven approach to
customer experience and operational planning. The pilot study, conducted
through the developed user interface, demonstrated that the system can op-
erate effectively under realistic conditions. The industrial advisor confirmed
that the system addresses gaps that had been managed through unstruc-
tured processes, and expressed that the improvements in workload balance
and reactive planning represent a meaningful step toward operationally sus-
tainable audit management.
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Appendices
13.A Assignment Model

Sets and Indices

e A: set of auditors, indexed by a.
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e J: set of predefined jobs, indexed by j.

e A; C A: candidate auditors eligible for job j after candidate filtering.
Parameters

e o, 3 > 0: objective weights for efficiency and fairness.

e (,; > 0: annual workload cost if job j is assigned to auditor a.

e m, > 0: optional minimum number of jobs assigned to auditor a.

In the implemented system, C,; aggregates annual travel effort and
annual on-site effort. For single-customer jobs, office-to-site travel is com-
puted. For bundle jobs, the cost is computed along the route legs.

Decision Variables

z,; € {0,1} 1if job j is assigned to auditor a

W, >0 total annual workload of auditor a
Winax > 0 maximum workload across auditors
Win =0 minimum workload across auditors

Objective Function

The objective balances overall workload (efficiency) and workload dispersion
(fairness):

1

min o - EZWQ + 6 . (Wmax - Wmin)

Constraints a€A
Exactly-one assignment (with candidate sets).

> wey=1 VjelJ

(lGA]'

Workload definition.
Wa= Y Cujze; VacA

jET:a€A;

Max—Min linking (fairness).
Winax = W, Vaec A
Whin < W, Va € A

Optional symmetry-breaking for co-located auditors. If multiple
auditors share the same office/city location, they can be ordered to reduce
symmetric solutions:



13.B Scheduling Model
Sets

e (' set of assigned customers.
e J: set of predefined jobs.

e M ={1,...,12}: set of months in the planning horizon.

Parameters

e R™"™: minimum annual visit requirement for customer c.
e a. € {0,1}: equals 1 if job j covers customer c.
e k: number of past months with fixed historical decisions.

e H.,, € {0,1}: historical customer visit decision for customer ¢ in
month m, defined for m < k.

e dist; > 0: travel time associated with job j.

e dur; > 0: audit duration associated with job j.

e o, 3 > 0: weighting parameters for travel and audit duration.
® cost; = adist; + [ durj: overall workload cost of job j.

e )\ > (0: weight associated with workload deviation.

® Dyqp > 0: penalty coefficient for consecutive monthly visits.

Decision Variables

yim € {0,1} 1 if job j is executed in month m

Tem € {0,1} 1 if customer c is visited in month m

W, >0 total workload in month m

Winax; Whin = 0 maximum and minimum monthly workload
Dev >0 workload deviation

Uem > 0 slack variable for consecutive-visit penalties

Objective Function

11
min \ Dev + Pgap Z Z Ue,m

ceC m=1
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Constraints

Minimum annual visit requirement.

Y e = RM VeeC

Visit definition via jobs (selective coverage).

Tem < Z AeiYim Vee C, Vme M

jeT

Zacjyjm < |J|zem Vee C, Vme M
jes
Fixing historical visit decisions (rolling horizon).
Tem = Hem Vee C, Vme {1,...,k}
Monthly workload definition.

W, = Z cost; Yjm Yme M

jeJ
Workload deviation definition.
Wmax Z Wm \V/m & M

Woin < W, VYme M
Dev = Wmax - Wmin

Soft penalty for consecutive visits.

Uem = Tem + Temar — 1 Vee C, Yme{l,...,11}
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Sirket Danigmani Akademik Danigman
Alperen Dogan Prof. Dr. Savag Dayanik
Kredi Analizi Uzman Endiistri Miithendisligi Boliimii

Ozet

Bankacilikta kritik oneme sahip olan gelir tahmini, dogrudan kredi
degerliligini ve iiriin verimliligini etkilemektedir. Bu proje, geleneksel beyan
ve e-Devlet verilerinin otesine gecerek ek gelir kalemlerini ve ikamet lokas-
yonunu iceren daha kapsamli bir model sunmaktadir. Mevcut sistemdeki
yanlig tahminler; miisteri memnuniyetsizligine, artan dolandiricilik riskle-
rine ve 0deme giicli olan miigterilerin kaybina neden olmaktadir. Geligtirilen
model, gelirle iligkili miigteri 6zelliklerini ve ikametgah etkilerini korelasyon
ve artik kalint1 analizleri ile inceleyerek yeni bir 6znitelik seti olusturmustur.
Gelistirilmisg oznitelik seti makine 6grenmesi yontemleri ile gelir tahmininde
kullanmigtir. Uygulanan yontemle, gelir tahminlerindeki ortalama mutlak
yiizdelik hata (MAPE) %171,2’den %27,6’ya diigiiriilmiigtiir. Bu iyilestirme,
banka karliligini artirmig, riskleri minimize etmis ve miisteri deneyiminde
e-Devlet entegrasyonu gibi uzun vadeli verimlilik saglamigtir.

Anahtar Sozciikler: E-Devlet entegrasyonu, makine ogrenimi, gelir tah-
mini, dolandiricilik riskleri, misteri ozellikleri ve korelasyonu.
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Customer Income Prediction

Abstract

Accurate income estimation is of critical importance in the banking sector,
directly impacting creditworthiness and product valuation. This project
proposes a comprehensive model that extends beyond traditional declara-
tions and e-Government data by incorporating additional income streams
and residential location dynamics. Inaccurate estimations lead to customer
dissatisfaction, heightened fraud risks, and loss of potential revenue from
solvent customers. The developed model analyzes the correlation between
income-related customer attributes and residential effects through residual
analysis to construct an enhanced feature set. Utilizing machine learn-
ing techniques, this approach reduced the Mean Absolute Percentage Error
(MAPE) from 171.2% to 27.6%. Consequently, the model optimized the
bank revenue, mitigated operational risks, and provided long-term improve-
ments in customer experience through seamless digital integration.

Keywords: E-Government integration, machine learning, income predic-
tion, creditworthiness, risk, fraud attacks, customer features.

14.1 About the company

Hayat Finans is the first digital bank in Turkey, offering financial services
to both individual and corporate consumers through mobile applications
and internet banking since 2022. The institution does not currently provide
personal loans or credit cards, but instead offers purchase financing through
authorized dealers. Since beginning its operations in 2023, Hayat Finans has
acquired more than 400,000 individual customers and over 3,200 corporate
clients within just one year, becoming Turkey’s largest digital bank in terms
of total assets (Hayat Finans Katilim Bankasi A.S., 2025).

14.2 System Analysis

The company determines the credit limit based on the customer’s income,
which is automatically retrieved from the system through the mobile ap-
plication’s integration with the E-Government platform. In addition to
income verification, each applicant undergoes a comprehensive examination
based on their credit information retrieved from the Credit Registry Bu-
reau (KKB), which includes their credit history, existing obligations, and
payment performance. The current income model is vulnerable to mislead-
ing income information due to the absence of rent or unverified income on
the E-Government platform, despite the implementation of digital security
measures.
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14.2.1 Problem Definition

The current income verification system of Hayat Finans relies predomi-
nantly on E-Government integration, which retrieves only SGK 4A, 4B and
4C employment records showing formal salary information. Although this
provides a guaranteed income prediction data, many potential customers
are lost at this process of the customer application due to the longevity and
lack of reliance on this system. This results in lower customer retention and
satisfaction rates decreasing the company’s revenue due to the loss of oppor-
tunities. Furthermore, according to research conducted by Hayat Finans,
the residence location of a customer provides a significant indicator of their
earnings especially in economically volatile environments like Tiirkiye. The
current income prediction does not integrate the residence location data of
the customers which is a potential predictor that is foreseen to significantly
affect the income prediction accuracy.

14.2.2 Proposed Solution System

The core idea behind the proposed solution system is to construct a machine
learning-based prediction pipeline that learns patterns from historical cus-
tomer data along with implemented rent by province data as an additional
predictor and produces an estimated net monthly income for each appli-
cant, better reflecting real-life financial conditions, including the complex
non-linear deviations of income predictors.

Critical Assumptions

The proposed system is built on several key assumptions. First, a cus-
tomer’s credit capacity is fundamentally constrained by their verified in-
come, which aligns with BDDK regulations. Second, financial behavior
and credit-related indicators such as payment behavior, account activity,
and credit usage contain implicit information about a customer’s earning
capacity that can be learned from historical data. Third, location-based fac-
tors play a significant role in explaining income differences. In an economy
like Turkiye, regional economic conditions and cost-of-living differences are
reflected in housing and rental values, making a customer’s residence loca-
tion a meaningful proxy for income level. Finally, historical data patterns
are assumed to be sufficiently stable to generalize to new customers, and
the general relationships between features and income are assumed to hold
across the customer base.

Major Constraints

The system is developed under several operational and regulatory con-
straints. Compliance with the Personal Data Protection Law (KVKK) re-
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quires that only verified customer data and anonymized external datasets
are used, and no sensitive or unauthorized third-party data sources are in-
corporated. BDDK guidelines further require that any income estimation
model produce results consistent with supporting documentation and re-
main amenable to auditing, which necessitates maintaining an interpretable
model alongside any black-box alternative. Additionally, the target vari-
able itself, formally declared income from E-Devlet, may not fully reflect
true earnings, introducing noise into the modeling process and requiring
careful preprocessing. The system must also be computationally efficient
and scalable for a digital banking environment with a large and growing
customer base, meaning model complexity must be balanced with practical
implementation considerations.

Objectives

The primary objective of the proposed system is to provide a more accu-
rate and reliable estimation of customer income compared to the current
approach, capturing hidden income components and reducing dependence
on a single external data source. The natural expected result for Hayat Fi-
nans is a more reliable decision making process for the team and an easier
acquisition pipeline for the customer.

Solution Approach

The solution is implemented as a structured machine learning pipeline con-
sisting of data preparation, feature engineering, model development, and
output generation stages. Data Preparation. The dataset provided by
Hayat Finans gathered as of 2025, combines data from E-Devlet, the Credit
Registry Bureau (KKB), and Hayat Finans registration records. During
preprocessing, income values below the national minimum viable wage of
23,000 TL were excluded as erroneous entries, and values above the E-Devlet
reporting cap of 200,000 TL were removed as statistical outliers. Missing
values encoded as system placeholders were re-mapped as proper missing
indicators statistically handled during modelling. Features with direct leak-
age from the E-Devlet income field were identified and removed before any
modeling step. The dataset was split into training (80%) and test (20%)
subsets, with 10-fold cross-validation applied throughout to ensure robust
out-of-sample performance estimates.

Feature Engineering. Exploratory data analysis revealed that the income
distribution is heavily right-skewed, motivating a logarithmic transforma-
tion of the target variable, ¥; = log(Income;), validated through a Box-Cox
test. The target distribution after removing the outliers and scaling is shown
in Figure 14.1.
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Figure 14.1: Income Distribution on Logarithmic Scale

Scatter plots and LOESS curves showed that several predictors exhibit
complex, non-linear relationships with income. Customer age does not in-
crease monotonically with income; earnings generally peak around the mid-
30s to early 40s and decline toward retirement. The income distribution
through age was shown in Figure 14.2.
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Figure 14.2: Linear Plot of Income Distribution Through Age

This life-cycle pattern was captured by incorporating both a linear and
a quadratic age term, as well as an interaction between age and educa-
tion level to model the experience premium that varies across educational
backgrounds. Multicollinearity across the high-dimensional feature set was
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addressed through Variance Inflation Factor (VIF) analysis and LASSO-
guided cluster reduction, consolidating redundant credit limit and delin-
quency metrics into engineered composite features.

A distinguishing element of the feature engineering process is the in-
tegration of location-based economic indicators. Average district and city-
level rental prices were retrieved from external platforms including Endeksa,
TUIK, and Emlak360, and a positive correlation between provincial rent lev-
els and E-Devlet net income was confirmed empirically. The rent variable
was log-transformed and merged with the customer dataset by province,
then segmented into income-based quartiles. This engineered feature acted
as an effective proxy for regional earning capacity and consistently emerged
as one of the strongest predictors of income across all model families eval-
uated.

Modeling Framework. The modeling workflow was structured along two
parallel tracks to balance interpretability with predictive accuracy. In the
explainable modeling track, an initial OLS regression served as a diagnostic
baseline, revealing severe multicollinearity across the high-dimensional pre-
dictor set. LASSO regularization with cross-validated penalty selection was
then applied to perform data-driven feature selection, shrinking redundant
predictors toward zero and retaining a compact set of stable, informative
variables driven by KKB and Hayat Finans operational data. The selected
predictors were re-estimated in a reduced OLS model, and residual diagnos-
tics guided further variable transformations. The final explainable model is
specified as

Yiog-income = 50 + lepay + B2Xlog-rent + 53(Age>2
+ ﬁ4(Age X Edll) -+ Zﬂ]Z” + g,

J

where X,y is the log-transformed payment capacity, Xiogrent is the provin-
cial rent proxy, the quadratic age term and its interaction with education
capture the income life-cycle, and Z;; denotes the remaining credit be-
havioral and categorical indicators. An improved specification was further
developed by embedding spline terms on key financial variables including
credit limits, payment burden, and age, and constructing composite risk sig-
nals such as utilization-adjusted credit exposure, to capture non-linearities
that a purely additive linear structure cannot adequately represent.

In the predictive machine learning track, several algorithms were trained
and evaluated in parallel: Decision Tree, Random Forest, k-Nearest Neigh-
bors, XGBoost, and Light GBM. The performance results of the models were
compared in Table 14.1.
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Table 14.1: Model Comparison: 10-Fold CV Metrics (R?* = cor?)

Model R? (cor’) RMSE MAE
Light GBM 0.4973 0.3118 0.2486
XGBoost 0.4760 0.3200  0.2610
Random Forest 0.4515 0.3335 0.2748
LASSO Regression  0.4241 0.3336  0.2757
OLS Regression 0.3977 0.3421 0.2786
Decision Tree 0.3694 0.3642  (0.2882
k-NN 0.1601 0.4201  0.3268

Light GBM, which models income as an iterative set of trees, has been
found to be the best performing model. This was an expected result as
this was initially trained to be the threshold model. The quite minimalistic
errors between ensemble, tree-based and linear algorithms show that the
feature engineering process was successful in capturing the complexity of
data in a simpler framework.

Model Output and Integration. All log-scale income predictions are
back-transformed to Turkish Lira using a smearing correction, which elim-
inates the retransformation bias that arises from Jensen’s inequality. The
resulting income estimate feeds directly into Hayat Finans’ powercurve sys-
tem setting the upper bound of credit that can be extended under BDDK
regulations.

14.2.3 Verification and Validation

This section presents the verification and validation framework for the pro-
posed income prediction system, evaluating its statistical robustness, pre-
dictive reliability, and alignment with Hayat Finans’ operational require-
ments. Verification was carried out through a series of statistical and diag-
nostic tests to ensure structural integrity and compliance with key modeling
assumptions. Initial diagnostics of the baseline OLS model revealed mul-
ticollinearity among credit-limit and risk-related variables, which was mit-
igated by applying a conservative variance inflation factor (VIF) threshold
of 10 to maintain model stability. Residual analysis indicated deviations
from normality, particularly for lower income levels; these were addressed
through data transformations and more flexible modeling approaches. Non-
constant variance tests further confirmed heteroskedasticity, showing that
residual variance varied across predicted income levels. This finding mo-
tivated the exploration of more flexible models, such as LightGBM, for
benchmarking purposes, while retaining the linear modeling framework as
the primary approach. Linearity was assessed using partial residual plots
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as shown in Figure 14.3

Partial Residual Plots: Checking for Non-Linearity
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Figure 14.3: Partial Residual Plots: Checking for Non-Linearity

The plots revealed non-linear patterns, including life-cycle effects in age
and diminishing returns in credit limits. These were addressed through
quadratic and logarithmic transformations. Overall, these verification steps
confirm that the model is statistically sound, stable, and theoretically con-
sistent.

Validation of the system focused on the model’s ability to generalize
to unseen customers while remaining interpretable and operationally fea-
sible within a regulated banking context. Predictive accuracy was evalu-
ated using a stratified 10-fold cross-validation scheme. Although Light GBM
achieved the highest performance with the lowest RMSE (0.3118), LASSO
regression delivered comparable performance with an RMSE of 0.3336 and
was therefore selected as the primary model due to its interpretability and
consistency with the linear modeling requirements of the project. Calibra-
tion analysis demonstrated that the model successfully preserves income
rankings across deciles, with predicted averages closely aligning with ob-
served values. To ensure business interpretability, error metrics were back-
transformed into Turkish Lira using a smearing correction to eliminate bias.
The results show that the model significantly outperforms a naive mean-
based benchmark. Furthermore, segment-specific analysis confirmed that
the model maintains consistent performance across different employment
statuses, education levels, and residential location. Feature importance was
consistent across models as seen in the heatmap of Figure 14.4.
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Feature Importance Across Different Models
Importance is rescaled within each model (1 = most important feature)
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Figure 14.4: Feature Importance Across Different Models

The heatmap shows education level, credit tenure, and installment ca-
pacity emerging as key drivers, indicating reliance on economically mean-
ingful factors rather than statistical noise. Overall, the system demon-
strates stable and reliable performance under varying input conditions and
is suitable for practical implementation within the bank’s decision-support
framework.

14.2.4 Integration and Implementation

The integration of the proposed income prediction model into Hayat Fi-
nans’s operational environment was designed around two parallel tracks:
alignment with the bank’s existing credit decisioning infrastructure, and
the development of a user-facing Decision Support System (DSS) to facili-
tate practical adoption.

On the infrastructure side, Hayat Finans operates its credit evaluation
workflow through PowerCurve, a rule-based decisioning platform that de-
termines credit limits based on verified income and risk indicators. The
proposed model was designed so that its outputs are directly compatible
with this system. Rather than replacing PowerCurve, the model functions
as an upstream income estimation layer: it receives the same customer data
fields already maintained in the bank’s database, including KKB credit his-
tory, E-Devlet employment records, and Hayat Finans registration data,
and produces a predicted net monthly income that feeds into the existing
credit limit calculation. This design ensures that no additional data col-
lection is required from customers, and the model can be deployed without
modifying the bank’s core decisioning logic. By an initial constraint set by
Hayat Finans, the model outputs are positioned as decision support sig-
nals rather than automated decisions, meaning credit analysts retain final
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authority over lending outcomes.

To enable practical use of the model, a Decision Support System proto-
type was developed as an interactive web application using R Shiny. The
DSS was structured with four main components. The components of the
DSS were shown in Figure 5.

MCDEL TYPE
‘ml LightGBM (Demo)

Figure 14.5: DSS Model Info Page

The Single Prediction page allows credit analysts to enter an individual
customer’s profile through standardized form fields ; covering demographic
attributes, credit bureau indicators, and location information and obtain an
income prediction with a single action. The interface displays the predicted
income alongside key contextual indicators such as the customer’s income
segment, credit utilization ratio, and payment capacity, enabling analysts
to assess predictions within their operational context. For operational scal-
ability, the Batch Prediction page supports processing multiple customers
simultaneously by accepting file uploads in CSV or Excel format, running
predictions across the entire customer list, and exporting results for inter-
nal use. This mode targets scenarios where analysts need to evaluate a
portfolio of applicants using the same model configuration. The DSS also
includes a Model Information section summarizing the modeling approach,
key performance metrics, and the validation setup, serving as a reference
for non-technical stakeholders and supporting consistent internal communi-
cation about the system’s capabilities. A User Guide page provides usage
instructions, input requirements, and guidance on interpreting outputs.

The DSS supports three model options: OLS regression, LASSO regres-
sion, and Light GBM allowing users to compare predictions across model
families. While Light GBM achieved the highest predictive accuracy, LASSO
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regression was retained as the primary recommended model due to its in-
terpretability and consistency with regulatory requirements for explainable
credit decisions. The interface includes a model comparison view that
presents side-by-side performance metrics across all three approaches, en-
abling analysts and management to understand the trade-offs between ac-
curacy and interpretability.

The implementation follows a phased rollout strategy. In the first phase,
the model operates in shadow mode alongside the existing system: predic-
tions are generated for incoming customer applications but do not influence
actual credit decisions. During this period, E-Devlet income verification
continues as before, providing a ground truth benchmark against which
model predictions are evaluated on live, unseen customers. This dual-run
approach allows the credit analysis team to monitor prediction accuracy,
PowerCurve compatibility, and segment-level consistency without introduc-
ing operational risk. Qualitative feedback from the credit team and quan-
titative performance evaluations were collected simultaneously to identify
necessary adjustments to input thresholds, feature handling, and output
formatting. Based on this feedback cycle, the model parameters and DSS
interface was refined before transitioning to operational use in subsequent
phases.

14.2.5 Benefits to the Company

The income prediction system provides an income analysis by analyzing ex-
isting features with the addition of the location feature based on customer
information for better customer service quality, more accurate fraud detec-
tion, increased expected revenue from loans and most importantly mini-
mized risk in income prediction. This machine learning approach makes
income prediction with a broader feature span that allows flexible decision
making as well as analyzing the impact of new features, in our case loca-
tion. This prediction system decreases the necessity for additional steps in
the current system to make sure data on features is reliable while still pro-
viding a highly accurate income prediction. The system also decreases the
chances of fraud by providing a more detailed customer analysis. Overall,
the project allows Hayat Finans to make more accurate and beneficial fi-
nancial decisions providing a reliable customer base and a tailored customer
experience.

14.3 Conclusion

This project successfully met Hayat Finans’ goals of reducing reliance on e-
Government services in customer revenue forecasting processes and increas-
ing forecast accuracy through data diversity, thanks to the high-performance
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machine learning models and user-friendly Decision Support System proto-
type developed. The study, fully aligned with the institution’s operational
efficiency and risk management expectations, minimized manual processes
and enabled the provision of more accurate credit limits. Pilot testing the
model with new customer data shows that the reproductive nature of the
model allows the reflection of changing socio-economic dynamics in the pre-
dictor multiplicator of the linear model.
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Ozet

Beko Buzdolabi Isletmesi'nde kullanilan Otomatik Depolama ve Geri Alma
Sistemi (AS/RS), operasyonel darbogazlara ve agir1 bekleme siirelerine ne-
den olan tecriibeye dayali sezgisel yontemlerle isletilmektedir. Bu prob-
lemleri gidermek amaciyla, materyaller i¢cin depolama yeri atama ve ving
gizelgeleme siireclerini es zamanlh olarak optimize eden bir karar destek sis-
temi gelistirilmistir. Coziim kapsaminda, malzeme devir hizlarina dayali K-
ortalamalar kiimeleme yontemi ve Karma Tam Sayili Dogrusal Program-
lama (MILP) modelleri kullamlarak gergek zamanh karar verme sistemi
olugturulmustur. Yapilan pilot caligmasi sonucunda, sistemin ig ¢ikarma ka-
pasitesi korunurken ortalama vin¢ seyahat mesafesinde %25 ve kuyrukta
biriken islerde %41 oraminda azalma saglanmistir. Gelistirilen yazilim ta-
banli ¢oziim, yillik yaklagik 807.600 kWh enerji tasarrufu ve operasyonel
verimlilik artig1 saglamaktadir.

Anahtar Sozciikler: Otomatik Depolama ve Geri Alma Sistemi, Depo-
lama Yeri Atama, Ving Cizelgeleme, Lojistik Optimizasyonu.
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Optimization of Storage and Crane
Scheduling in Automated Storage System

Abstract

The Automated Storage and Retrieval System (AS/RS) at the Beko Eskigehir
Refrigerator Plant operates using experience-driven heuristics which led
to operational bottlenecks and excessive waiting times. To address these
structural inefficiencies, a solution approach was developed to jointly op-
timize storage location assignment and crane sequencing. The proposed
approach established a real-time decision-making system using turnover-
based K-means clustering and Mixed-Integer Linear Programming (MILP)
models. Pilot study demonstrates a 25% reduction in average crane travel
distance and a 41% decrease in average queue depth. The solution achieves
an estimated 807,600 kWh in annual energy savings alongside significant
labor efficiency gains.

Keywords: Automated Storage and Retrieval System (AS/RS), Storage
Location Assignment, Crane Sequencing, Logistics Optimization.

15.1 Company and System Analysis
15.1.1 Company Description

Beko is Europe’s largest home appliances company and a global leader in
the industry, operating in more than 55 countries with over 55,000 employ-
ees worldwide (Beko Corporate, 2025). Beko combines large-scale manu-
facturing capability with a strong focus on innovation, efficiency, and sus-
tainability. The Eskigehir Refrigerator Plant, one of Beko’s key production
facilities, is recognized for its advanced digital infrastructure and Industry
4.0 practices (Home Appliances World, 2021).

15.1.2 Current System Analysis

The Beko Eskisehir Refrigerator Plant operates five production lines sup-
ported by an Automated Storage and Retrieval System (AS/RS), which
handles approximately 65% of internal material flow. The system con-
sists of 7 aisles with dedicated cranes and stores materials in Eurobox and
half-Eurobox containers, which are transferred to production lines through
conveyors, monoporters, and elevators. A representation of the AS/RS
overview can be seen in Figure 15.1.

Although the AS/RS is a critical component of the production system, it
currently operates based on experience-driven heuristics developed for sig-
nificantly lower production volumes. While originally designed for around
500 units per shift, the system now supports over 4,500 units and han-
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dles more than 15,000 material types, and much higher throughput levels,
creating a mismatch between system logic and operational requirements.

Storage and
Retrieval Machine
(Crane)

Aisle

Storage Slots /
Racking

Output Station /
Dispatch

Input Station / Receiving

Figure 15.1: AS/RS Overview

15.2 Problem Definition

The AS/RS operates with an automated work-order system where material
requests are generated based on workstation needs, and different box com-
binations can satisfy the same demand. The existing logic assigns cranes
based on simple availability, while materials are placed in the first avail-
able slot regardless of demand frequency. Furthermore, retrieval tasks are
executed chronologically rather than through optimized scheduling. While
the workload is distributed across cranes, this process lacks a formal math-
ematical model and fails to ensure optimal decision-making. The heatmap
in Figure 15.2 reveals a nearly uniform distribution of crane visits across the
rack; while darker cells indicate higher activity, these high-frequency points
are scattered rather than being optimized near the Input/Output (I/O)
point to minimize travel distance. In addition, the system experiences fluc-
tuating demand with peak load periods, during which current storage and
retrieval policies lead to congestion and delays.

Under the current heuristic-based structure, this leads to inefficiencies
in both storage assignment and crane scheduling, especially at high pro-
duction levels. The proposed approach integrates data analysis, mathe-
matical models, and algorithms to improve system responsiveness, balance
crane workload, and reduce unnecessary movements. The scope is limited
to optimizing product placement within the AS/RS and crane operations,
excluding other material handling systems.
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Figure 15.2: AS/RS Crane Visit Frequency Heatmap

15.3 Proposed Solution Strategy

15.3.1 Ciritical assumptions

The model is built under several simplifying assumptions. Each box is
treated as an indivisible unit containing a single material stock code (MSC),
and its contents cannot be modified. The AS/RS layout is fixed, includ-
ing the number and locations of slots and dedicated cranes. Cranes travel
at a constant speed, and travel times between slots are calculated using
Chebyshev distance, reflecting simultaneous horizontal and vertical move-
ment. Pickup and deposit times are 20 seconds each, and each input point
on the single conveyor belt can hold only one box due to the absence of
buffer space. Load orders cannot be reassigned between cranes, although
they may be re-sequenced within the same queue, whereas unload orders
may be reassigned if the item is available in another aisle. All primary
material-handling equipment is assumed failure-free, and external supply
chain disruptions, production delays, and downtime are excluded from the
model.

15.3.2 Major constraints

The AS/RS system handles two box types, namely small and large boxes,
whose storage slots are physically separated and therefore cannot be inter-
changed. Each crane can carry only one box per command cycle and can
handle only a single box at a time. Cranes move only parallel to their as-
signed aisle, without lateral movement, but can serve storage slots on both
the left and right sides of that aisle. In addition, each storage slot can hold
at most one case at any given time, and every actively managed box must
be assigned to exactly one slot within the system. Once a slot is reserved
for a load task, it cannot be assigned to another task until the operation is
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completed or canceled. Finally, an unload task can only be executed if the
target slot contains the requested MSC at the time of execution.

15.3.3 Objectives

The overall objective of the proposed solution strategy is to improve AS/RS
operational efficiency by reducing work order completion times and balanc-
ing workload across aisles. In this way, the system aims to shorten storage
and retrieval completion times, improve crane utilization, and increase the
number of completed work orders within the existing system structure.

15.4 Solution Approach
15.4.1 Conceptual Model

The proposed solution adopts a layered control system that decomposes the
AS/RS scheduling problem into interacting components (Yang et al., 2015).
Aisles are modeled as parallel, independent servers, allowing the system to
focus on workload balancing and minimizing travel time. The control logic
is event-driven, with optimization triggered only by state changes, such as
the arrival of new work orders, ensuring both computational efficiency and
real-time responsiveness. The overall workflow is illustrated in Figure 15.3.

Run the Load- Run the Load .
; Select the aisle
Iterate for all Slot Placement Sequencing MILP -
Load suitable aisles: Algorithm to find Model to determine g W"g gle Clggest
candidate slots the total travel cost
Ne(;v c\‘Nork ask Type
raer Decision
Comes
Run the Unload
Iterate for all 5 Run the
. . Selection MILP Reserve the
Unl suitable aisles € Sequencer MILP
" (containingthe [ | fhogel to ehoose (he > designated —>| | Model to find the
demanded MSC): R slot(s) shortest route

Figure 15.3: Solution Approach Flowchart

When a new work order arrives, the system first determines whether it
is a load or unload task. For load operations, feasible aisles are evaluated
based on availability and box type compatibility. Candidate storage loca-
tions are generated through the Load-Slot Placement Algorithm, and the
most suitable aisle, slot, and task sequence are determined using the Load
Sequencing Mixed-Integer Linear Programming (MILP) Model. For unload
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operations, candidate aisles containing the requested MSC are identified,
and the Unload Selection MILP Model determines the most appropriate set
of boxes to satisfy the demand. If necessary, tasks are divided into smaller
sub-orders, selected slots are reserved to prevent conflicts, and the crane’s
updated task sequence is determined by the Sequencer MILP Model. De-
tailed descriptions of these models and the algorithm are provided in the
following sections.

15.4.2 Mathematical Models

The first mathematical model is the Load Sequencing MILP Model, which
minimizes total crane travel distance while determining the best insertion
of a new load task into the existing sequence and selecting one candidate
slot. The constraints ensure that all fixed tasks are visited exactly once,
exactly one candidate slot is chosen, and the resulting tour is feasible and
connected. The full formulation is provided in Appendix 15.A.

The Unload Selection MILP Model is formulated as a knapsack-like
model that selects the most appropriate subset of boxes containing the
requested MSC to satisfy the demand of an unload work order (Polten and
Emde, 2022). The objective favors older and fuller boxes while penalizing
excessive box retrieval, long travel distances, and surplus quantity. The
constraints ensure that the demanded quantity is met and any surplus is
explicitly captured. The full formulation is provided in Appendix 15.B.

The Sequencer Model is formulated as a rolling-horizon (MILP) model
that determines the execution order of a number H of oldest pending tasks
by minimizing total empty travel distance between consecutive tasks. The
constraints ensure that each task in the horizon is executed exactly once
and that the resulting sequence is feasible and connected. By repeatedly
optimizing only the oldest pending tasks, the model preserves First In First
Out (FIFO) logic while maintaining computational tractability. The full
formulation is provided in Appendix 15.C.

15.4.3 Algorithms

A turnover-based storage assignment methodology was developed to place
frequently retrieved items in more accessible locations and thereby reduce
travel time. Using the past ten days of historical data, products were
grouped according to retrieval frequency through K-means clustering. This
approach was preferred over quantile-based classification, since preliminary
analysis showed an exponential-like usage distribution that made fixed splits
less effective. The methodology is designed to update periodically in order
to reflect changing demand patterns.

For load operations, the system uses a heuristic Load-Slot Placement
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Algorithm that assigns storage locations based on turnover rate and slot
accessibility. For each incoming item, an ideal storage depth is determined
from its turnover rate, and all feasible empty slots are scored according
to the difference between their actual depth and this ideal position. In
this way, high-turnover items are placed closer to I/O points, while lower-
turnover items are assigned to less accessible locations.

15.5 Validation

The proposed optimization model was validated against operational data
from the company’s live AS/RS facility, covering a week from January 2nd
to January 9th, 2026.

To ensure a realistic comparison, a 50% normalization factor was ap-
plied to real-system timing and queue metrics prior to benchmarking. The
value of this factor was determined in consultation with company experts.
This adjustment reflects operational noise not captured by the simulation:
AS/RS breakdowns and unplanned stoppages, and conveyor congestion at
the I/O point. The factor is applied to the real system’s baseline so the
improvements reported below represent a conservative lower bound.

In terms of performance metrics, the proposed system reduced the av-
erage queue depth at the crane conveyors by 52% relative to the adjusted
real-system baseline. The improvement in task scheduling further translated
into a 40% reduction in average crane waiting time. The item placement
logic ensured that frequently requested items were stored closer to the 1/0O
point, cutting average crane travel distance per task by 39%. While queue
depth and waiting time metrics are subject to operational variables such as
equipment downtime and crane speeds, the 39% reduction in travel distance
represents a fundamental structural improvement. This metric provides a
deterministic gain in efficiency, independent of external system fluctuations.
Furthermore, tasks were distributed evenly across the aisles. Together, these
results confirm that the proposed model delivers substantial efficiency gains
within the existing hardware infrastructure, even when evaluated under de-
liberately conservative assumptions.

15.6 Implementation and Pilot Study

The implementation phase was carried out in close collaboration with the
company. System logic documentation, annotated pseudo code, technical
report, user manual, and detailed flowcharts were prepared and delivered
to the company’s I'T department to support technical integration. Meet-
ings were held to clarify operational constraints, finalize integration re-
quirements, and align the deployment schedule with the factory’s existing
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infrastructure.

Building on the initial one-week validation, a full-scale pilot study was
subsequently conducted using one complete month of real operational data,
spanning January 2nd to February 4th, 2026. The simulation processed
104,309 work orders across seven crane aisles over a 33-day period. Applying
the same 50% conservative adjustment described previously, the proposed
model reduced average crane waiting time by 47%, average queue depth by
41%, and average travel distance per task by 25%. These improvements
held consistently across all days of the week and all five weeks of the study
period, confirming that the results are not driven by any single low-demand
period or outlier week.

The main deliverables of the project included optimization modules com-
patible with the existing AS/RS structure, software code, and a user inter-
face supported by a Python based Decision Support System (DSS) that
enabled real-time coordination of storage assignment and crane scheduling
within the AS/RS. The DSS was integrated with factory data and back-
ground optimization models. The interface was organized into four modules:
the System Control Panel for executive KPI tracking and crane monitoring
in Figure 15.4; Live Monitoring for corridor heatmaps and slot occupancy in
Figure 15.5; Periodical Material Clustering for SKU dataset analysis using
K-Means; and Parameter Control for dynamic adjustment of algorithmic
weights.
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Crane Time Tracking ® warinG ) SERVICE © TOTAL
imum and Average Queue Depth Time S

Figure 15.4: Decision Support System: Dashboard

15.7 Benchmarking and Benefits

The proposed framework replaces experience-based heuristics with a data-
driven, optimization-based approach for AS/RS operations. Upon receiving
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Figure 15.5: Decision Support System: Live Monitoring

a work order, the system activates specific decision modules: storage slots
are scored based on demand frequency and proximity to output points, while
retrieval tasks are prioritized by balancing stock age, fill levels, and loca-
tion. By dynamically re-ordering the crane’s workload to minimize travel
distance and preserve fulfillment sequences, the system significantly reduces
unnecessary movement and wait times. Ultimately, this coordinated struc-
ture improves operational efficiency by reducing unnecessary crane move-
ment, shortening waiting times, and supporting smoother material flow to
production lines.

Benchmark results indicate that the proposed model can significantly
improve AS/RS performance compared to the current system. The so-
lution reduces average queue depth by around 41%, average crane travel
distance by 25%, and average crane waiting time by 47%, leading to faster
response times and more balanced crane utilization. Beyond operational
improvements, the project creates a substantial financial impact. Based on
annualized estimates, the proposed system provides approximately 807,600
kWh of energy savings, corresponding to nearly $63,810. In comparison,
labor efficiency gains are estimated to generate an additional $86,132 in an-
nual value as shown in Table 15.1. Together, these improvements highlight
that project delivers both immediate operational benefits and long-term
economic value for the company.

15.8 Conclusion

This project has successfully optimized the AS/RS operations at the Beko
Eskisehir Refrigerator Plant by integrating storage location assignment and
crane sequencing, fully satisfying the organization’s expectations for opera-
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Table 15.1: Benchmark Results and Economic Impact

Metric Current System Proposed Model Improvement
Average Waiting Time 425 — 476 Sec ~225 — 252 Sec  47% Reduction
Average Travel Distance 13.6 Unit 10.2 Unit 25% Reduction
Average Queue Depth 5.1 — 6.8 Orders 3.0 = 4.0 Orders  41% Reduction
Financial & Energy Impact Annual Savings Economic Value Total Benefit
Energy Consumption 807,600 kWh $63,810

Labor Efficiency 570 Shifts $86,132

Total Annual Impact $149,942

tional excellence, as confirmed by positive company feedback. By replacing
experience-driven heuristics with a Decision Support System (DSS) utilizing
turnover-based K-means clustering and MILP models, the study achieved a
25% reduction in crane travel distance, a 41% reduction in queue depth, and
a 47% decrease in crane waiting time. Beyond these technical KPIs, the so-
lution provides approximately $150,000 in annual economic value through
energy and labor efficiencies and is currently ready for full-scale integra-
tion into the factory’s infrastructure. Future work will focus on scaling this
model to the other AS/RS unit within the Eskisehir plant and leveraging the
identification of breakdown and downtime causes to maximize the system’s
feeding capacity under ideal operating scenarios.
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Appendix: Mathematical Model Formulations
15.A Load Sequencing MILP Model

Notation Definition

N ={0,1,...,m;m+1,...,n} Set of all tasks, 0 being the crane’s ini-
tial position.

C={m+1,...,n} Cluster of candidate slots.

Vixea = {0,1,...,m} Set of fixed (existing) tasks.

d;j Chebyshev distance, travel cost from
the end state of task i to the start state
of task j.

X;; € {0,1} Binary variable equal to 1 if the crane

moves directly from task ¢ to task j,
and 0 otherwise.
u; >0 Continuous auxiliary variable.
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J#k J#k
Xij =0 Vi,j e C (7)
wi—u; - IN 41Xy <IN+ —1 Vi,jeN\{0}, i#j
(8)
l<uw<|[N+1|—1 Vie N\ {0} 9)
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Xij €

The objective (1) minimizes total crane travel distance.

Constraints (2) and (3) ensure that each fixed task is visited once.
Constraints (4),(5), and (6) ensure that one candidate slot is selected.
Constraint (7) prevents intra-cluster movements.

Constraints (8) and (9) eliminate subtours and ensure connectivity.

Constraint (10) defines the domains.

15.B Unload Selection MILP Model

Notation Definition

I={0,1,...,n} Set of all available boxes containing the required MSC.
D Demanded quantity.

Q; Quantity in box 7.

A; Age score of box i.

Z; Distance score of box 1.

F; Fill score of box 1.

Wage Weight for age.

Whox Penalty for each selected box.

Waist Weight for distance.

Wa1 Weight for fill level.

Wsurplus Penalty for surplus quantity.

X, €{0,1} Binary variable, 1 if box i is selected, 0 otherwise.
S>0 Continuous variable, surplus quantity.

Maximize Wage Z AZXl -+ wan Z F;Xl — Wphox Z Xz

s.t.

i€l el el
— Waqist Z(l — Z’L) Xz — wsurplus S (1)
el
Z QiXi>D (2)
el
> QXi-D=S5 (3)
el
$>0, X,€{0,1} Viel (4)
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long travel, multiple retrievals, and surplus.

Constraint (3) defines surplus as the excess over demand.

Constraint (4) defines the domains.

15.C Sequencer MILP Model

Objective function (1) favors older and fuller boxes while penalizing

Constraint (2) ensures that total retrieved quantity meets demand.

Notation Definition

K ={0,1,...,H} Set of tasks in the horizon.

N={0}UK Set of all tasks, 0 is the current crane position.
Cij Travel cost from task ¢ to j.
X;; €{0,1} Binary variable, 1 if task j follows task i.
u; >0 MTZ auxiliary variable.
ieN jEN
JFi
s.t.
Y Xji=1 Vie N (2)
jeN
i
jEN
i
u; —uj + |[N| X5 < [N -1 Vi,j € N\{0}, i
(4)
1<u; <IN|-1 vie N\ {0} ()
Xz'j c {O, 1}, u; > 0 Vl,j eN (6)

The objective (1) minimizes total empty travel.

Constraints (2) and (3) ensure each task is executed once.

Constraints (4) and (5) eliminate subtours.

Constraint (6) defines variable domains.
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Sevkiyat Programlariyla Uyumlu
1 Depo Dagitim Planlama Karar
Destek Sistemi
Tirk Traktor

Proje Ekibi
Zelal Aras, Aysel Erkilet, Berrin Giizel,
Defne Karaman, Lal Karaoglu, Celal Ozel, Kasim Sangu

Sirket Danigmanlari Akademik Danigsman
Murat Goger, Depo ve Dagitim Prof. Dr. Bahar Yetis Kara
Yonetimi Uriin Lideri Endiistri Miithendisligi Boliimi

Elif Kaplan, Satig Sonras1 Tedarik
Zinciri Grup Lideri

Ozet

Bu proje, TurkTraktor'iin depo dagitim operasyonlarinin anlagmali lojis-
tik yiiklenici firmanin sevkiyat programina uyumlu planlanmasiyla dagitim
merkezindeki bekleme ve elleclemenin azaltilmasini hedeflemektedir. Sistem,
glinliik siparig toplama ve dagitim kararlarini bolgesel ¢ikig giinlerine gore
planlayan iki agamali bir tamsayili optimizasyon modeliyle ele alinmistir.
Yuvarlanan ufuk yaklagimiyla biitiinlestirilen sistem, aylik dagitim planim
glincel verilerle yenilemekte ve gilinliik ig emirlerine dontistiirmektedir. Bu
yaklagimla siparigler uygun sevk giinlerine atanmakta, giinliik dagitim
yapilan bolgelerin dagilimi ve ig emri plani eniyilenmektedir. Geligtirilen
sistemle sevkiyat programina uyum %41 artarak %100’e ulasmis, dagitim
merkezindeki bekleme stiresi sifirlanmig, teslimat giin sapmasi 8,75ten 5,8’
diistiriilmis ve kapasite kullaniminda %5,44 iyilesme saglanmistr.

Anahtar Sozciikler: Dagitim Planlamasi, Lojistik Senkronizasyonu, Tam-
say1li Programlama, Yuvarlanan Ufuk Planlamasi
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Decision Support System for Warehouse
Distribution Planning Aligned with
Shipment Schedules

Abstract

This project aims to reduce waiting and handling at the logistics service
provider’s distribution center by aligning TiirkTraktor’s warehouse dispatch
operations with the provider’s fixed regional shipment schedule. The system
is modeled using a two-stageinteger programming model that plans daily or-
der picking and dispatch decisions based on regional departure days. Using
a rolling horizon approach, the system updates the monthly dispatch plan
with current data and converts it into daily work orders. As a result, orders
are assigned to eligible shipment days, while regional distribution and daily
work order plans are optimized. The proposed system improves compliance
with the shipment schedule by 41%, reaching 100% compliance, eliminates
dwell time at the distribution center, reduces shipment deviation day from
8.75 to 5.8, and improves capacity utilization by 5.44%.

Keywords: Dispatch Planning, Logistics Synchronization, Integer Pro-
gramming, Rolling Horizon Planning.

16.1 Company Description

Founded in 1954, TirkTraktor (TT) is a leading agricultural machinery
manufacturer in Turkey and a major provider of after-sales services. With
Ko¢ Holding and CNH as its main shareholders, the company operates
under the New Holland and Case IH brands and maintains an important
presence in both agricultural machinery and construction equipment. TT
has two production facilities in Ankara and Erenler, as well as a spare parts
warehouse in Akyurt, Ankara (Tiirk Traktor, 2025). In 2025, T'T accounted
for 72% of Turkey’s tractor production and 60% of tractor exports to more
than 130 countries, while remaining market leader for the 19th consecutive
year with a 38.4% share (TiirkTraktor, 2026).

16.2 System Analysis and Problem
16.2.1 System Analysis

TT’s after-sales operations at the Akyurt Spare Parts Warehouse are carried
out through a business-to-business model with 143 authorized spare parts
dealers nationwide (Tiirk Traktor, 2025). Operations begin when customer
orders are entered through the SAP portal with either customer-specified or
system-assigned requested delivery dates. After stock availability and cus-
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tomer balance checks,work orders are created based on workforce allocation.
Each work order consists of picking, packing, and dispatching operations.
During thedispatch stage, T'T collaborates with a logistics service provider
(LSP), which operates under a consolidation-based shipment structure. In-
voicing is completed when TT hands over the orders to the LSP, at this
stage, the amount is deducted from the customer’s balance. Then, they are
transferred to the LSP’s Ankara Distribution Center (ADC), where they
are sorted according to the fixed regional shipment schedule and held until
the next scheduled departure. They are then sent to regional distribution
centers and delivered to dealers at their final destinations. T'T’s customers
are divided into 17 regions in LSP’s service plan. Daily, TT dispatches or-
ders from an average of 14.88 regions. This indicates that, as orders are
distributed across almost all regions within a single day, orders from the
same regions are split across different days, defined asregional fragmenta-
tion. Since the LSP consolidates each region at the ADC, this structure may
require additional sorting and handling steps. In addition, TT’s dispatch
days are not always aligned with the LSP’s regional departures. Therefore,
some orders arrive at the ADC before their scheduled transfer and remain
there until the next departure. This waiting period, defined asdwell time,
ranges from 2 to 6 days depending on the shipment schedule. Delivery per-
formance is evaluated based on thedeviation between the requested delivery
date and the actual dispatch date. The average delivery deviation in the
current system is 8.75 days, indicating that some orders were dispatched
almost a week after the requested delivery dates.

16.2.2 Problem Definition

TT’s current dispatch structure is based on releasing confirmed and avail-
able orders as soon as they become eligible, without incorporating the LSP’s
fixed regional shipment schedule into dispatch decisions. As a result, dis-
patch timing is not always fully consistent with LSP’s regional departures.
In 2024, the compliance rate of TT’s dispatches with the LSP’s service
schedule was 71.03%, indicating that nearly one in three orders experienced
dwell at the ADC. This dwell time prolongs the delivery process and directly
affects customers, since invoicing is completed when orders are handed over
to the LSP. Additionally, extra waiting at ADC might lead to increased
sorting and handling, as well as a higher risk of lost items (Goger, 2025).
Accordingly, the project aims to develop a decision support tool that aligns
dispatch decisions with the LSP’s shipment schedule in order to achieve
full schedule alignment, reduce dwell time, improve delivery deviation, and
lower regional fragmentation.
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16.3 Proposed Solution Approach
16.3.1 Critical Assumptions

The model operates using a rolling horizon approach over a monthly plan-
ning horizon. The LSP is assumed to follow the predetermined shipment
schedule without delay or revision, and that distribution center locations
are fixed and known. Sufficient vehicles are available to meet the planned
dispatch schedule. All orders are treated as having the same delivery pri-
ority, and all ordered items are assumed to be available in inventory. Daily
dispatches are limited by TT’s operational capacity. Shipments dispatched
before thecut-off, 14:00, are treated as same day dispatches, while those
dispatched after the cut-off are assigned to the following day. When daily
volumes remain within TT’s handling capacity, preparation and shipment
are assumed to be completed on the same day.

16.3.2 Major Constraints

Each customer order must be shipped as a single unit, and split deliveries
are not permitted. Dispatch activities and departures can occur only during
TT’s working hours. Dispatch on a given day is allowed only when the
planned daily volume exceeds TT’s minimum dispatch threshold. If daily
dispatch volumes exceed T'T’s same-day preparation capacity, preparation
must begin on the previous day. Orders may be dispatched only within the
allowed service window around the requested delivery date. An order can
be dispatched on a given day only if the LSP serves that customer on that
day, ensuring that no dwell occurs. The number of regions assigned per day
is limited to 8 regions.

16.3.3 Objectives

The primary objective is to minimize dwell time and handling within the
LSP network through more efficient and coordinated daily dispatch opera-
tions at TT. Alignment between T'T’s dispatch schedule and the LSP’s ser-
vice schedule eliminates dwell time and ensures full compliance. As a result,
these requirements are treated as fixed conditions of the model. Therefore,
the objective is to assign customer orders to dispatch days based on their
regions to reduce fragmentation and improve operational flow. The sys-
tem assesses the operational performance based on the number of regions
served per day, the balance of workload across the planning horizon and
work orders, and alignment with customers’ requested delivery dates.
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16.4 Solution Approach

To incorporate the continuous arrival of orders under real operating condi-
tions, arolling horizon framework is implemented (Sahin et al., 2013). Com-
bined with a planning approach that delays the release of eligible orders to a
later dispatch period rather than sending all confirmed orders immediately,
this framework provides a more coordinated alternative (Li et al., 2025). In
line with this approach, the system assigns orders to feasible dispatch days
within an allowable deviation around the requested delivery date.

16.4.1 Conceptual Model

The proposed solution consists of three integrated components: the rolling
horizon framework, the Monthly Dispatch Scheduling Model, and the Work
Order Planning Model. The visual representation of system’s flow is shown
in Figure 16.1. The rolling horizon framework updates the plan daily to

Preprocess Input Model Output

N « Scheduled
Determining: Regions
+ Customer « Advance Preparation Requirement

Order Data « Daily Work Order

Monthly Dispatch Monthly Work Order

) Lo el AR > ° umberof WorkOrders — Qs ™ PlanningModel
Shipment + Order Volume per Region + Advance
Schedule Preparation
FREEZE Indicator
Daily Work
Scheduled Orders ELED
CARRY OVER for Dispa i
Frozen Window l
Day Passes End

Figure 16.1: The Conceptual Flow Chart of the Proposed System

incorporate new orders while maintaining stability of the near-term dis-
patch decisions. The planning horizon is divided into frozen, add, and free
windows. In thefrozen window, dispatch decisions are fixed. In the add win-
dow, existing decisions are preserved, but newly arriving orders can still be
incorporated if feasible. In thefree window, the plan for remaining days is
re-optimized in each run. Within the rolling horizon structure, the Monthly
Dispatch Scheduling Model assigns eligible customer orders to feasible dis-
patch days over the monthly planning horizon by considering requested de-
livery dates, TT’s operational constraints, and the LSP’s regional shipment
schedule. The resulting dispatch plan is then transferred to the Work Order
Planning Model, which converts near-term dispatch assignments into exe-
cutable warehouse work orders for the current day and the following day. It
also decides whether some of the following day’s orders should be prepared
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after the cut-off on the current day. Together, these three components link
long-term dispatch planning with short-term warehouse execution.

16.4.2 Mathematical Model

The proposed solution is formulated as two integer programming models.
First, the Monthly Dispatch Scheduling Model determines the dispatch day
of each eligible order while minimizing the maximum number of regions
served on any dispatch day, as given in objective (16.1); the full formula-
tion is presented in Appendix 16.A. Constraint (16.2) limits the number of
regions assigned to the same dispatch day. Constraints (16.3) and (16.4)
ensure that each order is assigned to exactly one feasible dispatch day and
define its realized dispatch day. Constraints (16.5) and (16.6) capture earli-
ness and lateness relative to the ideal dispatch day. Constraints (16.7) and
(16.8) restrict both earliness and lateness by a maximum allowable devi-
ation. Constraint (16.9) calculates the total number of orders dispatched
on each day. Constraints (16.10), (16.11), and (16.12) enforce dispatch day
activation, daily capacity limits, and minimum order requirements. Con-
straint (16.13) determines whether a region is served on a given day. There-
fore, the model generates a monthly dispatch plan, which serves as an input
to the Work Order Planning Model.

Lastly, the Work Order Planning Model minimizes workload differences
across work orders, as shown in objective (16.16); the full formulation is
presented in Appendix 16.B. Constraint (16.17) assigns each scheduled re-
gion to exactly one work order, while constraint (16.18) determines the
number of work orders needed according to the planned workload. Con-
straints (16.19) and (16.20) define the maximum and minimum order limits
of work orders. Constraint (16.21) identifies when a part of the following
day’s dispatch workload must be prepared in advance. Constraint (16.22)
ensures that orders prepared in advance are not planned again on their dis-
patch day. Finally, constraints (16.23) and (16.24) determine how much of
the following day’s workload will be prepared in advance, subject to the
available capacity. In this way, the model creates a balanced daily work
plan while also utilizing the after cut-off period for advance preparation
when needed.

16.5 Verification and Validation

The proposed system was verified through simplified model analysis, con-
tinuity testing, extreme case testing, and rolling horizon stability checks.
These analyses confirmed that the models behave as intended under differ-
ent operating conditions, respond predictably to parameter changes, and
preserve frozen dispatch decisions while incorporating new orders beyond
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the frozen period. Validation was conducted through face validation and
operational validation. In face validation, the model structure, key inputs,
planning parameters, and generated dispatch and work order plans were
reviewed with the Industrial Advisor and found to be consistent with TT’s
operational practices. Additionally, the solver takes about 17 minutes which
was also considered suitable for daily use. Operational validation was per-
formed on order data of May and December 2024 together with the corre-
sponding LSP regional shipment schedules. These months were chosen as
May had the highest amount of arrived orders while December had the least
amount. Since historical work order data were not available, the compari-
son was made at the monthly dispatch planning level. The results showed
that the proposed system produces a more balanced regional distribution
across dispatch days and eliminates dwell time at ADC by aligning dispatch
decisions with the LSP’s shipment schedule. Therefore, the results indicate
that the system produces feasible plans consistent with TT’s operations.

16.6 Benchmarking and Benefits

A benchmarking analysis was conducted to compare the proposed deci-
sion support system with the current dispatch planning approach under
the same operational conditions using 2024 order data. To replicate TT’s
daily planning process and realistic order arrival times, the system was run
daily for the entire year of 2024 within the rolling horizon framework. The
comparison demonstrates improvement across all key performance indica-
tors. Under the proposed model, the alignment rate with the LSP’s regional
shipment schedule increased from 71.03% to 100%, ensuring full shipment
compatibility. Accordingly, the dwell time at ADC, which was ranging from
2 to 6 days in T'T’s system, is completely reduced to zero. Additionally, the
average delivery time deviation improved from 8.75 days to 5.8 days, indi-
cating a 33.7% reduction and improved alignment with requested delivery
dates. Meanwhile, the average number of regions served per day decreased
from 14.88 to 7.90, indicating a more consolidated dispatch structure and
reduced potential handling at the ADC. Capacity utilization also improved
by 5.44%, reflecting more efficient use of dispatch days and reduced overtime
under the proposed planning structure. Taken together, these results show
that the proposed model achieves a more coordinated and operationally
efficient dispatch system.
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16.7 Implementation and Pilot Study
16.7.1 Decision Support System

The proposed decision support system is implemented as an interactive,
web-based tool to support TT’s dispatch planning process. The system is
built usingHTML and CSS, and the models are integrated into it. This
structure, as represented in Figure 16.2 allows planners to run the model,
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Figure 16.2: Black-Box Representation of Decision Support Tool

/' Days fromADC

review outputs, and evaluate plan performance in a user-friendly environ-
ment. The system is designed to operate daily. Its main input is the order
data uploaded by the planner. The LSP’s fixed regional shipment schedule is
embedded in the system, since it does not change frequently (Goger, 2025).
Additionally, the system includes a warm-up mechanism to maintain plan-
ning continuity when operations are interrupted due to non-working days.
The interface includes a home page that lets the user access either the run
page or the KPI dashboard. On the run page, as shown on the right side of
Figure 16.3, the user initiates the planning process by selecting the planning
start date. The system automatically determines the corresponding hori-
zon end date, and users may optionally include additional operational days,
such as overtime days, to reflect temporary planning adjustments. After
the order dataset is uploaded, the system executes the optimization models
and then generates two outputs in Excel format: a monthly dispatch plan
and a work order plan. The KPI dashboard, as shown on the left side of
Figure 16.3, summarizes the generated plan through several performance
measures. These include average delivery time deviation, average number
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Figure 16.3: Decision Support System: KPI Dashboard (Left) and Planning
Panel (Right)

of planned daily orders, and number of regions served per day. The dash-
board also includes an interactive map showing the served regions, which
can be examined at different zoom levels. In addition, when the delivery
time deviation metric is selected, the user can view its distribution through
a histogram. Previews of both the monthly dispatch plan and the work or-
der plan are available on this page, allowing users to review outputs directly
within the system before downloading them. A user manual is accessible
from both the run page and the KPI dashboard to support consistent use
of the system and interpretation of the outputs.

16.7.2 Pilot Study

The pilot study, held between April 2-24 2026, by running the system in a
company computer in parallel with TT’s existing dispatch planning process
using live order data. The company was visited on consecutive working days
to ensure continuity and integrity of the generated monthly dispatch plans
and daily work orders, in line with the rolling horizon framework. The sys-
tem was not run during the weekend, which was consistent with TT’s actual
operating practice, and this also showed the warm-up mechanism works as
expected. The planning team reviewed the generated dispatch and work
order outputs daily alongside the warehouse planning supervisor and logis-
tics coordinator. Planners reported that the system was straightforward to
operate and that the user manual adequately supported independent use
without requiring technical assistance.

16.8 Conclusion

The project met expectations of T'T by aligning operations to the LSP’s
shipment schedule to reduce dwell time at their distribution center. The
proposed system, which combines two integer programming models within
a rolling horizon framework, provides optimal monthly dispatch planning
and daily work order plans to meet the project’s goal. Moreover, the system
improved average delivery time deviation, number of regions served per day
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and capacity utilization to further improve the operations’ efficiency. As
the stock availability is not tracked in TT’s current system, it was not
implemented in this project. For further improvements, stock availability
could be considered to be part of the system which enables full information
flow.
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Appendix: Mathematical Models

16.A Monthly Dispatch Scheduling Model
Table 16.1: Sets and Parameters of Monthly Dispatch Scheduling Model

Notation Description

K Set of customer orders

H Set of potential dispatch days within the plan-
ning horizon

R Set of logistics service provider (LSP) regions

I'.cH Set of feasible dispatch days for order k, deter-
mined by the LSP schedule

dy, Requested delivery day of order k

tk Transportation time required for order &
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dy — t;.  Ideal dispatch day of order k
Maximum allowable deviation from the ideal dis-
patch day
Maximum daily dispatch capacity; for the cur-
rent implementation it is set to C' = 2500
L Minimum number of orders required to activate
a dispatch day; for the current implementation
it is set to L = 200
ag € {0,1} Equals 1 if order k belongs to region r, and 0
otherwise
M Sufficiently large positive constant (Big-M)

Q ==

Table 16.2: Decision Variables of Monthly Dispatch Scheduling Model

Notation Description

Xin 1 if order k is dispatched on day h, 0 otherwise
R,y 1 if region r is served on day h, 0 otherwise
Wh 1 if dispatch is active on day h, 0 otherwise

Tk Dispatch day of order k

e >0 Earliness of order k relative to its ideal dispatch day
Iy >0 Lateness of order k relative to its ideal dispatch day
N, >0  Total number of orders dispatched on day h

Z € 7Z,  Maximum number of regions served on any day

min 72 (16.1)
st. > Ry <Z Yhe H (16.2)
reR
> X = Vk e K (16.3)
hel'y
Tk = Z hXkn Vk e K (16.4)
hGFk
Ck Z[k_'rk Vk e K (166)
I, <p Vk e K (16.7)
e < B Vk e K (16.8)
No= > X VYhe H (16.9)
ke K:hely
X < Wy, Vk € K, hely (1610)
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N, <C Vhe H (16.11)

N.>L-W, Vhe H (16.12)
> g Xpn < MRy, VreR, heH (16.13)
keK

th>Rrh7Wh € {O,l} (1614)
Tlmek;lkaNh 2 0 (1615)

16.B Two-Day Work Order Planning Model
Table 16.3: Sets and Parameters of Two-Day Work Order Planning Model

Notation Description

C'spill

SDPyiq

Sht1

M

Set of dispatch days

Set of regions on dispatch day h

Set of potential work orders before cut-off on day h,
K, € {1, 2}

Order count of region r € R, on dispatch day h € H
Maximum preparation capacity for same-day prepa-
ration; in the current practice a = 1750

Number of pre-cut-off work orders on day h: kj =

2, if 3 cp, ci > 750

1, if Yo g <750
Maximum preparation capacity for work orders pro-
cessed after the cut-off time (preparation for the
following day’s dispatch); in the current practice
Cspin = 750
Same-day feasibility indicator: 1 if same-day prepa-
ration is feasible for day h +1 € H, 0 if advanced
preparation is required on day h € H

Shi1 = max{(), ZreRhH et — a}: minimum num-
ber of orders required to be prepared in advance (ex-
cess amount of day h + 1)

Sufficiently large positive constant (Big-M)

Table 16.4: Decision Variables of Two-Day Work Order Planning Model

Notation Description

h
Xr,k

1 if region r € R}, is assigned to pre-cut-off work
order k € Kj on day h € H, 0 otherwise
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ph lifregion r € Ry is selected for advance prepa-
ration on day h, 0 otherwise

Uy Maximum load among all regular work orders
planned for day h € H
Vi Minimum load among all regular work orders

planned for day h € H

min (Uh — Vh) —+ (Uthl — Vh+1) (1616)
st Y Xh=1 Vre Ry, Yhe H (16.17)
keKy,
> X, < M(ky—1) Vhe H (16.18)
reRy
d dxl <U, Vke K,, he H  (16.19)
reRy,
d Xl >V, Vke K, he H (16.20)
reRy,
pt<1-SDP,, Vr € Ryy1, he H (16.21)
S XM =1-p) Vr € Ryy1, he H  (16.22)
k€K1
> dph > Spa(1— SDPyy) VheH (16.23)
TERh+1
> Pl < Cym(1 = SDPyy) VheH (16.24)
TERh_H
Un, Vi >0 (16.26)
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Sezonsal ve Rassal Talep Altinda 17
Dinamik Uretim Planlama

Nesco Gida

Proje Ekibi
Derin Aktiirk, Osmantan Begikci, Melike Karalar,
Berke Kemahli, Kenan Arda Koymen, Bahadir Maral, Deniz Yasar

Sirket Danismani Akademik Damgman
Nazli Esen Ummansu Do¢. Dr. Ozlem Cavus lyigiin
Kurucu/CEO Endiistri Miihendisligi Bolimi
Ozet

Bubble tea alaninda tiretim yapan ve Nesco Gida’nin alt markas1 olan Bo-
baCo, belirsiz ve sezonsal talepler ve iiretim kapasitesi kisitlari nedeniyle
miigteri talebini etkin bigimde kargilamakta zorlanmaktadir. Bu projenin
amaci, sirketin mevcut kapasitesi ile bu talebi daha verimli karsilayabilmesi
icin bir tiretim ve envanter karar destek sisteminin gelistirilmesidir. Ele
alinan sistemin hesaplama zorluklar1 nedeniyle, rassal yaklasim ile doner
gevren mantigini birlegtiren bir sezgisel ¢oziim yontemi onerilmistir. Bu
yontem, iki farkli planlama ufkunda c¢aligan matematiksel modellerin hi-
yerarsik bicimde biitiinlestirilmesiyle saglanmistir. Onerilen yaklagim ve
geligtirilen karar destek sistemi, fazla mesai gereksinimi ve birikmis siparis
olciilerinde iyilestirme saglayan yiiksek kaliteli ve uygulanabilir tiretim plan-
lar1 tiretmektedir.

Anahtar Soézciikler: Hiyerarsik Uretim Planlamasi, Déner Cevren Yeni-
den Eniyileme, Rassal Programlama, Uzun Donem Planlama, Mevsimsel ve
Belirsiz Talep
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Dynamic Production Planning Under
Seasonal and Stochastic Demand

Abstract
BobaCo, a bubble tea producer and sub-brand of Nesco Gida, faces dif-
ficulties in meeting customer demand due to uncertain seasonal patterns
and production capacity constraints. This project aims to develop a pro-
duction and inventory decision support system to enable the company to
meet this demand more efficiently under its existing capacity structure.
Due to the computational complexity of the system, a heuristic solution
approach that combines stochastic modeling with a rolling horizon method-
ology is proposed. This approach is built on the hierarchical integration of
mathematical models operating over two different planning horizons. The
proposed approach and decision support system generate production plans
that improve overtime and backlog metrics.

Keywords: Hierarchical Production Planning, Rolling Horizon, Stochas-
tic Programming, Long-Term Aggregate Planning, Seasonal and Uncertain
Demand, Inventory Build-Ahead, Decision Support System

17.1 Company Description

NESCO is a domestically managed food and beverage company founded in
2016 and headquartered in Ankara, Tiirkiye, operating with an innovative
approach in the industry. From raw material sourcing and product devel-
opment to production, worldwide sales, and distribution, NESCO manages
all major functions of its value chain in-house, allowing it to maintain prod-
uct quality and respond flexibly to customer needs. It supplies more than
3,500 companies in Turkey and exports to over 30 countries, serving both
domestic HORECA and international B2B customers. Its fastest-growing
brand, BobaCo, is among the first brands to manufacture bubble tea on an
industrial scale in Tirkiye, with 25 distinct popping boba flavors (Nesco
Gida Sanayi ve Ticaret A.S., 2025). The products are primarily supplied
through a B2B model to cafés, coffee chains, restaurants, hotels, and bev-
erage brands, while some formats are also offered in retail packaging.

17.2 System Analysis and Problem
17.2.1 System Analysis

The BobaCo production system consists of four interrelated products: Plas-
tic Tub Boba, Semi-Finished Boba in Tub, Cup Bubble Tea, and Can Bub-
ble Tea. Plastic Tub Boba is sold directly as a finished product, mainly for
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the domestic market, whereas Semi-Finished Boba in Tub serves only as an
input in the production of Cup and Can Bubble Tea. Production is orga-
nized on two lines. The first line produces Plastic Tubs and Semi-Finished
Boba, which follow the same production flow but differ in formulation, mak-
ing them operationally similar yet distinct for planning. The second line
produces Cup and Can Bubble Tea, but due to pasteurization constraints,
these two products cannot be produced on the same day. In addition, once
a line is assigned to a product, it cannot switch to another on the same day;,
so each line can process at most one product per day.

17.2.2 Problem Definition

In previous years, the company faced pronounced demand peaks during the
summer season. However, meeting this demand was difficult due to lim-
ited production capacity. Although product shelf life allows inventory to be
carried over multiple months, limited storage space in the previous facility
prevented the company from building inventory ahead. With the transition
to a new facility, storage limitations have eased, creating the opportunity to
build inventory in advance. This shift makes it essential to develop a plan-
ning approach that coordinates production capacity and inventory decisions
over time. The key challenge is to balance holding and backlogging costs
while maintaining production feasibility for both raw materials and finished
goods under seasonal and uncertain demand. The company prepares its
production plan and schedule semi-manually by evaluating market insights,
past experiences, and previous demand data. Since demand, particularly
in the domestic market, is both seasonal and difficult to predict precisely,
a reliable and mathematically grounded decision support system is needed
to support production planning under uncertainty. The objective of this
decision support system is to generate a production plan that determines
the appropriate production and stocking levels of different product types,
minimizing holding and backlogging costs during the high-demand season
while satisfying system requirements. Accordingly, the problem extends
beyond simple capacity allocation and requires coordinated production and
inventory decisions under seasonal and uncertain demand.

17.3 Proposed Solution Approach
17.3.1 Critical Assumptions

There were several critical assumptions made in order to create the models
effectively and efficiently. Semi-finished Boba and Tub Boba are considered
as different products. Each production line can produce at most one product
type per day. Backlogging is allowed in the system to preserve feasibility;
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however, delays within two weeks are treated as non-critical, whereas delays
beyond two weeks are considered more severe and are penalized more heavily
to reflect the risk of order cancellations.

17.3.2 Major Constraints

Production lines cannot switch between products within the same day.
There are two production lines: the first line produces Plastic Tub Boba and
Semi-Finished Boba, while the second line produces Cup and Can Bubble
Tea. Total production in each period is limited by the available workdays,
excluding overtime. Since Semi-Finished Boba is not directly demanded,
it is used as an input in the production of Cup and Can products. Semi-
Finished Boba may also be stored for future use. The remaining products
are directly demanded by end customers and may also be stored. Stor-
age area of the facility is limited, meaning that the total area occupied by
stored products cannot exceed the available capacity. In addition, raw ma-
terial availability is constrained by procurement lead times and minimum
order quantities. Backlogging is allowed, but delays exceeding 12 days are
treated as critical through an additional penalty structure.

17.3.3 Objectives

The primary objective is to determine a long-term production and inventory
strategy that minimizes holding and backlog costs while ensuring adequate
inventory coverage for the high-demand season. Since backlog costs are
higher than inventory holding costs, the planning approach is designed to
discourage excessive delay while avoiding unnecessary inventory buildup.

17.3.4 Conceptual Model

The main model is formulated as a multi-period production and inventory
planning structure that represents how products flow through production,
inventory, and demand fulfillment over time. Within this structure, produc-
tion decisions determine period-by-period output, inventory allows available
stock to be carried into future periods, and backlog captures unmet demand
that is postponed to later periods.

The model also captures the structural dependency among products
within the system. While Plastic Tub Boba, Cup Bubble Tea, and Can
Bubble Tea are directly demanded products, Semi-Finished Boba is not
directly demanded and instead serves as an input for Cup and Can Bub-
ble Tea. Accordingly, the system is represented as an integrated planning
structure in which production and inventory decisions for different products
must remain coordinated and consistent over the planning horizon.
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17.3.5 Heuristic Solution Method
Hierarchical Heuristic Approach

The initial “full-scale” model was formulated at a daily resolution over a
one-year horizon and tailored to the facility’s specific operational restrictions
and characteristics to reflect the production system accurately. However,
solving a fully integrated, daily, full-year model within a reasonable run-
time becomes computationally challenging due to the size of the decision
space. Therefore, a hierarchical heuristic approach is adopted by decompos-
ing the planning problem into two coordinated models: a long-term aggre-
gate production planning model given in Appendix 17.A and a short-term
production planning model given in Appendix 17.B, implemented with a
rolling-horizon mechanism (Bitran et al., 1982). This hierarchical coordi-
nation between the long-term and short-term models is illustrated in Figure
17.1.

Long-Term Model

Planning Horizon: 12 Months Planning Horizon: 48 Days
Sends Long-Term Inventory :
Input: Demand Forecasts Targets to Short-Term Model Input: Realized Demand +
(Stochastic) Long-Term Inventory Decisions
[
Decisions: Monthly Production Decisions: Daily Production
& Inventory Levels and Raw Material Orders
+/ Determines Long-Term +/ Generates Daily Production
Production & Inventory Targets & Scheduling Plan
for Short-Term Planning Based on Long-Term Targets

Figure 17.1: Hierarchical Models Diagram

Stochastic Long-Term Model

The long-term model determines strategic inventory targets over a one-year
horizon at a monthly level. It identifies in which months production should
be increased to prepare for peak-season demand and sets targeted monthly
inventory levels. The long-term model optimizes these targets by mini-
mizing expected total cost, including inventory holding and backlog-related
penalty components, while maintaining consistency with major system lim-
its and planning rules (A.1).

To account for demand uncertainty, the long-term model is formulated
as a two-stage stochastic program, in which demand for the first two months
is treated as deterministic, while demand in the remaining periods of the
planning horizon is modeled as random (Birge and Louveaux, 2011). Based
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on the deviation margins provided by the company, an uncertainty band
is defined around the company’s baseline forecast, and multiple demand
scenarios are generated accordingly. Equal probabilities are assigned to
each scenario, and the long-term model evaluates the expected total cost
across the scenario set. This scenario-based formulation produces monthly
inventory targets that are more resilient to uncertainty and reduces the
limitations of relying on a single forecast.

Short-Term Production Planning Model

The short-term model uses the inventory decisions for the first two months
obtained from the long-term model as input and translates the monthly
inventory targets into operationally feasible daily decisions within an eight-
week planning horizon (B.11). In particular, it generates a detailed daily
production plan that aligns with the facility’s line-level constraints and con-
verts the higher-level inventory targets into executable production quanti-
ties, inventory updates, and short-term fulfillment decisions (B.2). It also
generates raw material order decisions to ensure material availability and
maintain consistency between short-term production requirements and pro-
curement needs (B.7),(B.8). In this way, the proposed heuristic approach
combines daily production planning in the short-term model with inven-
tory targets generated by the long-term model, resulting in a hierarchical
decision support structure that improves peak-season planning while main-
taining computational and operational feasibility.

Rolling-Horizon Structure

The two models operate under a rolling-horizon structure: the long-term
model is re-run on a monthly basis to refresh monthly inventory targets as
new information becomes available, while the short-term model is updated
weekly to produce an actionable near-term schedule.

17.4 Validation

Using the company’s actual input data and forecast structure, the rolling-
horizon decision support system produced planning patterns consistent with
the company’s operational logic. In particular, during peak-demand peri-
ods, the system builds inventory ahead and later uses this inventory to
control backlog. It was also observed that when forecasts are updated or
available workdays decrease, the rolling-horizon structure responds quickly
by revising build-ahead and production decisions, making the system more
responsive to changing operating conditions. As shown in Figure 17.2, the
model initially built inventory in anticipation of higher forecasted demand,
and later reduced production when realized demand turned out to be lower
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than expected. This behavior is well aligned with the company’s planning
needs, since the main challenge in the current system is not only meeting
seasonal demand, but also reacting in a timely and structured manner to
changing production conditions.

Production vs Demand (Full Year)

- Demand L Production

Figure 17.2: Production and Demand Levels Throughout the Year

Both the rolling-horizon structure and the stochastic long-term compo-
nent contribute meaningfully to the company’s ability to prepare for future
demand scenarios. While the rolling-horizon structure improves the com-
pany’s ability to respond to demand changes in a timely and consistent
manner, the stochastic long-term model generates more protective inven-
tory targets under uncertainty. In the yearly rolling-horizon implementa-
tion, this more cautious inventory policy increased the average holding-cost
component by 94.2%, while reducing the average backlog-cost component
by 46.4%. This result is consistent with the model structure, since back-
log costs are very large and the stochastic model reacts to uncertainty by
keeping more inventory in order to reduce the risk of future backlog. Ac-
cordingly, although the holding-cost component increases, the stochastic
approach reduces the average total cost by 42.0%. These values should
be interpreted as model-based performance measures rather than direct ac-
counting costs, but they still indicate that the stochastic policy provides a
more robust balance between inventory protection and backlog risk under
uncertainty.

17.5 Benchmarking and Benefits

Benchmarking analysis was conducted to compare the proposed decision
support system with the company’s current planning approach under the
same demand inputs. In this comparison, the current system was repre-
sented by a 45-day backward allocation rule. Since the company responds
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to delays exceeding 12 days through overtime usage, the benchmarking fo-
cuses on backlog risk and overtime dependency. The following KPIs were
used in the comparison: Backlog Under Cancellation Risk, Overtime Days,
and Overtime Delivery Rate (the share of total demand that must be re-
covered through overtime production).

Under the original 2026 forecast, the current system required 11 overtime
days and created 380,709 units of backlog under cancellation risk out of a
total demand of 6,330,210 units. This corresponds to 6.01% of total demand
being under cancellation risk. Under the same forecast, the proposed system
eliminated overtime need completely and produced no residual backlog.

To test the robustness of the proposed system under uncertainty, 10
demand scenarios were generated around a monthly forecast. Under these
scenarios, the current system required between 17 and 37 overtime days,
with an average of 28.2 days, and created 8,082,588 units of backlog un-
der cancellation risk over a total demand of 64,721,203 units, corresponding
to a weighted backlog-under-cancellation-risk ratio of 12.49%. In contrast,
the proposed system achieved zero backlog and zero overtime in 7 of the
10 scenarios. In the remaining 3 scenarios, it required just 1 overtime day
and generated limited residual backlog. Overall, its average overtime re-
quirement was 0.3 days, and its total remaining backlog was 49,330 units,
corresponding to 0.08% of total demand. A summary of the comparative
performance of the current and proposed systems is presented in Table 17.1.

Table 17.1: Scenario-based results for the current and proposed systems

Metric Current Proposed
System System
Average overtime days across 10 scenarios 28.2 0.3
Weighted backlog-under-cancellation-risk ratio 12.49% 0.08%
Scenarios with zero backlog and zero overtime 0/10 7/10

These findings show that the company’s current planning logic is highly
sensitive to demand fluctuations and frequently requires reactive overtime
to recover delayed orders. The proposed rolling-horizon decision support
system performs much more robustly by building inventory ahead when
necessary and limiting backlog accumulation beyond the 12-day tolerance
window. Therefore, the main benefit to the company is not only a reduc-
tion in backlog risk, but also a substantial reduction in overtime dependency
under both the base forecast and the generated demand scenarios. Numer-
ically, this means that the proposed system reduces the average overtime
requirement from 28.2 days to 0.3 days and achieves zero backlog and zero
overtime in 7 out of 10 generated demand scenarios.
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17.6 Implementation and Pilot Study

The decision support system was integrated into the company’s weekly pro-
duction planning process through a structured four-week pilot study. In
coordination with company representatives, an interface was developed in
line with the firm’s existing reporting practices, which facilitated adoption
by planners. Figure 17.3 presents the user interface of the decision support
system together with a sample weekly production schedule generated by
the system. The first week was conducted under the close supervision of
the project team, while the following weeks were carried out directly by
the company within its regular planning routine. On a weekly basis, the
tool generated recommended production quantities and raw material order
decisions based on updated demand information and current operational
inputs. These recommendations were reviewed every Monday for feasibility
and shop-floor consistency, and the finalized plans and manual adjustments
were documented in weekly decision records.

Next Calendar Week Schedule

Figure 17.3: System interface and sample weekly schedule output.

The pilot study confirmed that the system could support proactive inven-
tory build-ahead in response to forecasted peak-season demand. In particu-
lar, the system led the company to hold inventory that it had not originally
planned to keep, but that was necessary to prepare for the high demand
anticipated in the 2026 summer forecast. Weekly inventory quantities were
recorded to monitor stock levels and their evolution throughout the pilot
period. At the end of the study, the recorded decisions and inventory data
indicated that the system’s outputs were compatible with weekly planning
requirements and operational practice. Overall, the pilot met the company’s
main expectations by demonstrating both operational practicality and the
suitability of the system for regular use.
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17.7 Conclusion

The project met the company’s expectations by developing a decision sup-
port system that improves production planning under seasonal and uncer-
tain demand. The proposed structure combines hierarchical production
planning, a stochastic long-term model, a short-term production planning
model, and a rolling-horizon mechanism to produce plans that are both op-
erationally feasible and responsive to changing conditions. The validation
results showed that the system supports proactive inventory build-ahead
and reacts quickly to forecast updates and changes in available workdays.
In addition, the yearly rolling-horizon implementation results indicated that
the stochastic approach provides a more robust balance between inventory
protection and backlog risk under uncertainty, reducing the average total
cost by 42.0%. This relatively great improvement is mainly due to the
model structure, where backlog costs are much higher than holding costs,
so carrying additional inventory helps avoid much larger backlog-related
losses.

The practical value of the system was also demonstrated through bench-
marking and pilot use. Compared with the company’s current planning
logic, the proposed approach substantially reduced overtime dependency,
lowering average overtime requirement from 28.2 days to 0.3 days and
achieving zero backlog and zero overtime in 7 out of 10 generated demand
scenarios. In addition, the four-week pilot study showed that the system
could be incorporated into the company’s weekly planning routine and could
support inventory positioning for the high demand anticipated in the 2026
summer forecast. Future work may focus on improving the scenario gener-
ation structure through observations collected over longer periods, allowing
demand uncertainty to be represented in an even more realistic way.
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Appendices
17.A Stochastic Long-Term Model

Sets:
Symbol Explanation
K, Set of Plastic Tub and Semi-Finished Boba products
K, Set of Cup Bubble Tea and Can Bubble Tea products
T Set of planning periods (months), 7' = {1,...,12}
Q Set of scenarios
Parameters:
Symbol Explanation
d; ¢ Demand of product i € K7 U K in period ¢ € {1,2}
di tw Demand of ¢ € K7 U K5 in period t € {3,...,12} under sce-
nario w € Q)
az Number of workdays in period t € T
b; Backlog cost for product i € K7 U Ky
c1 Daily unit capacity of production line 1
€2, Daily capacity of production line 2 for product ¢ € Ky
T Unit usage area of product i € K7 U Ko
U;2 Number of product 2 used in the product i € {3,4}
h; Holding cost of product ¢ € K7 U K for one unit per period
Decision Variables:
Symbol Explanation
P, Production of product ¢ € K; U K3 in period ¢ € {1, 2}
I+ Inventory of product i € K; U K5 at the end of period t €
{1,2}
B Backlog of product i € K U K in period ¢ € {1,2}
Pt Production of ¢ € K7 U Ky in period t € {3,...,12} under
scenario w € 2
Ii i Inventory of ¢ € K; U Ky in period ¢t € {3,...,12} under
scenario w € )
Bitw Backlog of i € K; U K» in period t € {3,...,12} under sce-

nario w €

Objective Function:

2 12
min Y Y 0iBii+hili)+ > > > P (0iBitw + hilig ) (A1)

t=1ic K, UK> wEN t=3 i€ K1 UK>
Constraints:

Production Capacity Constraints:

P; P
Yo H<a , > < vt e {1,2} (A2)

C Co 4
ek, ! i€k, 2
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PO P
: _

C
i€ Ky i€k, 2

Inventory Balance for Semi-Finished Boba:

Iy 1+ Py — E Ui Py = Iny
i€EKo

Iot 10+ Poyo— E UioPi ¢ = ot 0
i€EKo

Inventory—Backlog Balance for Finished Products:

Ly 1+ Py—(dig+Bit—1)+Biy =1y

by

Lito1w+Pitw— (ditw+Bit—1w) ¥ Bitw=1Iitw

Storage Capacity Constraints:

4
mex > Z ril
i=1

4
7 > E Tili b0
i=1

Non-negativity Constraints:

Py, Liy, Bit, Pitw, Litw, Bitw=>0

Ve {3,...,12), Yw e Q (A.3)

vt e {1,2} (A.4)

Vi e {3,...,12}, Vw € Q (A.5)

Vt e {1,2}, Vie K\ {2} (A.6)

Vie{3,...,12}, Vw e Q, Vi e K\ {2}

(A7)

vt € {1,2} (A.8)

Vit e {3,...,12}, Yw € Q (A.9)

Vie K, Vt e T, Yw € Q (A.10)

17.B Short-Term Production Planning Model

Sets:
Symbol Explanation
K, Set of Plastic Tub and Semi-Finished Boba products
K, Set of Cup Bubble Tea and Can Bubble Tea products
T Set of days in the planning horizon
S Set of raw materials
M Set of machines on Line 1, M = {1, 2, 3}
Ms Set of machines for product 3 on Line 2, M3 = {1,2}
Parameters:
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Symbol Explanation

b; Daily unit backlog cost of product i € K1 U Ky

b}? Daily unit backlog cost of product i € K; U Ky whose due
date has exceeded at least 12 days

Nis Number of raw material s € S used in the product i € K{UK>

LT, Lead time of raw material s € S

Km Daily capacity of machine m € M on Lines

U Number of product 2 used in the product i € Ky

d; ¢ Customer demand of product ¢ € K1 U K5 at day t € T

d{?l, de Long-term inventory decision parameters

h; Unit holding cost of product i € K7 U Ky

hl Unit holding cost of raw material s € S

v; Inventory area usage of one unit of product i € K73 U K>

Wi ¢ Total demand of product : € K1 UK5 fromday t—12tot € T

moqs Minimum order quantity for raw material s € S

Decision Variables:

Symbol Explanation

Py Number of product ¢ € Ky U K5 produced at day t € T

Iy Number of product ¢ € K7 U K3 in inventory at day t € T

I3, Number of raw material s € S in inventory at day t € T’

R+ Number of raw material € Ss ordered at day t € T

Zst 1 if raw material s € S ordered at day t € T', 0 otherwise

B;+ Backlog of product i € K1 UKy at day t € T

B}% Backlog of product i € K7 U K5 at day t € T whose due date
has exceeded at least 12 days

Xomit 1 if machine m € M produces i € {1,2} at day t € T, 0
otherwise

X3, 1 if machine m € M3 produces 3 at day t € T, 0 otherwise

Xy 1 if Line 2 produces product 4 at day ¢t € T', 0 otherwise

Objective Function:

min > Y (BB + 2B+ hilig) +Y Y hIIL, (B.1)

teT ice K1UK>2

Constraints:

teT ses

Line Assignment Constraints:

Xm,l,t + Xm,2,t S 1 )

Production Definitions:

Pl,t = E F‘JmeJ,t ) P2,t = § K/me,Zt

meM

3 4
Py = E B Xm3,t > Pag=r Xygy

meMs

Kt <1 —Xay Vme M, VteT (B.2)

vteT (B.3)
meM

VteT (B.A4)
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Inventory Balance Constraints:

Ioy 1+ Poyq — E Ui Py = Iay
1€Ko

Livo1+ Py —(dip+Bit—1)+ Biy =1y

Raw Material Balance and Ordering Constraints:

T — T
I e =101+ R 1) — E : Nis Pt
1€EK1UKo

Rs,t Z mogs - Zs,t

Inventory Area Constraints:

Irrr‘lax Z E USI(:,t ’ rmex Z E viIi,t
seS €K 1UK>o

Critical Backlog Constraint:

12
B;i > Bit —wiy

Long-Term Target Satisfaction Constraints:

D D
Liga > diy  Iliug > dis

Domain Constraints:

X1ty Xm2ts Xm3e, Xap € {0,1}

Zs. €4{0,1}

12 T
‘Pi,t» I’i,h Bi,t7 Bi,m Is,ta Rs,t 20
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vteT (B.5)

VteT, Vie (K UK»)\ {2} (B.6)

Vse S, vteT (B.7)

Vse S, VieT (B.S)

VteT (B.9)

Vie KTUKy, VteT (BlO)

Vie KUK, (B.11)

Vm e MUMs, VteT (B.12)

Vse S, VteT (B.13)

Vie KiUK,, VteT, Vs S (B.14)



Sistem Karmasikliginin 6lgﬁlmesine 1 8
Dayali Karar Destek Sistemi

Beko Bulagik Makinesi i§letmesi

Proje Ekibi
Alp Deniz Cabuk, Barig Uras Durmus, Tugrul Kutly,
Umut Ozcan Deniz Ozm Siieda Eslem Stimer, Emirhan Yavuz

Sirket Danigmani Akademik Danigman
Beytullah Uyulur Prof. Dr. Alper Sen
Karmagiklik Yonetimi Lider Endiistri Miihendisligi Bolimii

Miihendisi
Ozet

Sincan Organize Sanayi Bolgesi'nde yer alan Beko Bulagik Makinesi Fabri-
kasi, yiiksek tiriin gesitliligi, sinirh parca ortakligr ve sik degigen miihendislik
talepleri nedeniyle yiiksek derecede yapisal ve igletimsel karmagiklikla miica-
dele etmektedir. Bu durum, iiretim hattinda gizli maliyetlere, verimlilik
kayiplarina ve parca eksikliginden kaynaklanan tikanmalara yol agmaktadr.
Bu proje kapsaminda, fabrikadaki karmagikligi 6lgmek, analiz etmek ve
en iyilemek amaciyla veri odakl bir karar destek araci olan ”OptiCost”
geligtirilmigtir. Bu karar destek araci, iiriin agaci verilerini temel almakta ve
makine ogrenmesi algoritmalar: kullanarak farkl tirtin konfigiirasyonlarinin
normalize edilmig adam-saat gereksinimlerini ve durug riski seviyelerini tah-
min ederek fabrikadaki karmagikligin kontrol altina alinmasini hedeflemek-
tedir.

Anahtar Sozciikler: Uretim Karmagikhig, Maliyet Azaltimi, Makine
Ogrenmesi, Uretim Durma Riski, Karar Destek Sistemi.
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A Decision Support System Based on the
Measurement of System Complexity

Abstract

The Beko Dishwasher Factory, located in the Sincan Organized Industrial
Zone, struggles with a high degree of structural and operational complex-
ity due to high product variety, limited part commonality, and frequent
engineering change requests. This situation leads to hidden costs on the
production line, efficiency losses, and blockages caused by part shortages.
Within the scope of this project, a data-driven decision support tool named
”OptiCost” has been developed to quantify, analyze, and optimize the com-
plexity within the factory. Based on bill of materials (BOM) data, this tool
utilizes a machine learning algorithm to predict the normalized man-hour
requirements and blockage risk levels of different product configurations,
ultimately aiming to bring factory complexity under control.

Keywords: Manufacturing Complexity, Cost Optimization, Machine Learn-
ing, Blockage Risk, Decision Support System.

18.1 Company Description

Beko is a home appliances company owned by Kog¢ Holding (Beko Corporate,
2026; Ko¢ Holding, 2026). It has its parent and owned companies which also
belonged to Ko¢ Holding, such as Argelik. The company has a workforce
of more than 50,000 employees in total, and several factories located in
many regions. Some of these regions are Europe, Asia, Africa, and Middle
East(Beko Corporate, 2026). While it has a total of 22 parent, owned
or limited license brands, Beko became the corporate brand among these
brands as a part of its globalization strategy (Bloomberg HT, 2024).

Beko’s Ankara Dishwasher Production Facility is one of the 45 produc-
tion facilities worldwide (Argelik Global, 2024). There is also a R&D center
of the company located in the facility. The facility is located in Sincan, and
it has been built on a 109,000 m2 area. 50,580 m2 of this area is used for
production, R&D, and warehouse buildings (Google, 2026). In the factory,
there are approximately 1200 different dishwasher types that are produced,
and the number of components used for the production is approximately
4000.

198



18.2 Current System and the Problem
18.2.1 System Analysis

Beko’s dishwasher production is managed through a structured product-
module-component hierarchy. In this system, each product consists of func-
tional modules (e.g., engines, pumps, door assemblies), which are further
divided into the smallest material units, or components (e.g., screws, small
parts). This hierarchical architecture is subject to constant evolution due
to frequent Engineering Change Requests (ECRs) and the continuous in-
troduction of new product configurations.

18.2.2 Problem Definition

The primary challenge in the production system is escalating complexity,
driven by the following factors:

e Growing Variety: Increasing stock keeping unit (SKU) variety and
design volatility make it difficult to track their cumulative impact on
operational performance.

e Lack of quantitative complexity assessment: There is no sys-
tematic,data~-driven metric to quantify the complexity added by new
designs or engineering changes.

e Operational Transparency Gaps: High diversity obscures the di-
rect correlation between product structure and its effect on costs, lead
times, and resource allocation.

e Low Commonality: Insufficient part-sharing across variants increases
purchasing costs and supply chain risks, reducing production stability.

The absence of a quantitative complexity assessment tool leads to mea-
surable inefficiencies in both production and cost-management processes.

18.3 Proposed Solution Strategy

18.3.1 Solution Approach

The proposed framework begins by automating BOM-based structural met-
rics that were previously calculated manually. Using Bill of Materials (BOM)
data, the system computes key indicators such as Unique Part Ratio, Com-
mon Part Ratio (CPR), total number of unique components, SKU count,
average part count per SKU, and module distributions. These metrics are
dynamically updated and form the basis of the analysis. The framework
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evaluates a given production plan that involves a subset of SKUs using the
same workflow. The selected product mix is converted into BOM-based
structural metrics at the scenario level. For historical production data,
observed blockage outcomes are used, while for a future production plan,
blockage risk is estimated using a trained classification model. Normalized
man-hour (NMH) values are used as a workload indicator. If available,
they are used directly; otherwise, an XGBoost-based model predicts NMH
for new or unseen configurations based on product structure. These val-
ues are then used in blockage risk evaluation. Blockage is modeled as a
classification problem with three levels: LOW, MID, and HIGH.

For every production plan, a system-level complexity score is computed
by combining workload and structural factors. A system-level complexity
score is computed by combining:

e SHAP-based workload contribution (x0.1)
e CPR deviation from 0.60

Scaled Unique Part Ratio (x10)

Normalized SKU and component counts

e Average parts per SKU (x0.1)

The final score is normalized to a 0—100 scale for easy interpretation and
comparison. Finally, the system allows direct evaluation of new product
configurations. In such cases, NMH is predicted based on structure and can
be used independently or integrated into further analysis.

18.3.2 Mathematical Models

Input Representation

Each SKU or production scenario is represented using structural informa-
tion derived from the Bill of Materials (BOM). At the component level,
configurations are encoded as a binary part-existence vector:

2@ =20 2 ,:z:((;)]T, acgi) € {0,1} (18.1)
where x§i) = 1 indicates that component j is present in configuration i,
2% = 0 otherwise and d is the total number of distinct components. This

J
representation allows the model to directly capture the structural composi-

tion of each product.

In addition, scenario-level features such as SKU count, number of unique
components, average parts per SKU, and Common Part Ratio (CPR) are
computed from the BOM and used as model inputs .
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Normalized Man-Hour Prediction Model

Production complexity is modeled using the Normalized Man-Hour (NMH),
which reflects the relative workload required to produce a SKU. NMH values
are scaled between 0 and 1 to ensure comparability. An XGBoost regression
model is used to estimate NMH:

K
9V =FD) =" fix"), freF (18.2)
k=1

Here, F is the set of regression trees, and each f, maps the input vector to
an output value. The model is trained by minimizing the following objective

function:
K

L= 0999+ Q) (18.3)

k=1

where ¢ (y, §) measures prediction error and €( f;) penalizes model com-
plexity to avoid overfitting.

SHAP-Based Explainability for NMH

To improve interpretability, SHAP (Shapley Additive Explanations) is ap-
plied to the NMH model. For a given input x®, the prediction can be
decomposed as:

F(x)=¢o+ > ¢} (18.4)

Here, ¢q is the baseline prediction, and ¢§t) represents the contribution of
feature j (i.e., component j) to the predicted NMH. Since inputs are binary
component indicators, each SHAP value shows how including a specific
component changes production workload.

Blockage Risk Level Classification

Due to the variability and uncertainty in blockage data, blockage is modeled
as a classification problem. Each production scenario is assigned a risk level:

r € {LOW, MID, HIGH} (18.5)

A scenario is represented by the following feature vector:

) ) . ) . AT
z) = |3 CPR™, SKUCount™”, UniqueParts, AngartsPerSKU(z)]

(18.6)
where ) denotes the normalized man-hour value, which is the sum of
the NMH values for each SKU and their quantities, used by the classifier
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(observed NMH when available, and predicted NMH otherwise) and the re-
maining terms are BOM-derived structural metrics.The classification model
is defined as:

) = G(zY) (18.7)
where G(+) assigns each scenario to a risk category.
Common Part Ratio (CPR)

For a product s, let P(s) be the set of components used in that product.
The similarity between two products is calculated using Jaccard similarity:

_ [P(a) N P(b)]

1) = By U )|

(18.8)

For a production scenario with m products, CPR is defined as the average
pairwise similarity:

OPR(S):ﬁ > T(spsg) (18.9)

1<p<g<m

By definition, CPR(S) € [0,1]. Higher CPR indicates more shared compo-
nents, while lower CPR indicates greater product diversity.

18.4 Validation

Validation was performed across three distinct dimensions: Conceptual Val-
idation (assessing assumptions), Operational Validity on Historical Data
(assessing retrospective performance), and Sensitivity Analysis (assessing
model continuity). Conceptual validation ensured that the modeling as-
sumptions and structural relationships are aligned with real-world manu-
facturing logic and expert knowledge. Operational validation evaluated the
model’s ability to produce consistent and meaningful results when applied
to historical production data, confirming its practical relevance. Sensitivity
analysis further tested the model’s behavior under small input variations,
demonstrating stability and continuity in its outputs.

The primary model of OptiCost has an overall accuracy of 0.60. Fur-
thermore, the area under the ROC curve for the LOW-versus-rest boundary
is approximately 0.87, which reflects the model’s high accuracy especially
for the low risk regime. When it comes to the secondary model of OptiCost
which predicts the man-hour data for new SKUs, its R-square value of 0.98
reflects the model’s consistency. 0.72 hour RMSE of the secondary model
indicates that it has less than 1 hour error in its predictions.
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Overall, the validation results indicate that the framework reliably cap-
tures the relationship between product structure and operational perfor-
mance, while maintaining robustness and interpretability across different
scenarios.

18.5 Benefits to the Company

The complexity department currently lacks sufficient visibility into how
production complexity evolves. The proposed tool enables the company
to quantify and monitor complexity based on system elements, supporting
more informed decision-making.

18.5.1 Blockage Data Classification

To demonstrate the classification model’s benefits to the production envi-
ronment, the model’s predictions were utilized in the daily SKU production
assignment. The low-risk predictions were prioritized due to their high pre-
cision, and the predictions were used as a constraint on the assignment
process. This involvement of the model’s predictions in the assignment is
to reflect the model’s capability to reduce the blockage levels with high
precision.

For benchmarking purposes, three production days with high blockage,
day one with 4762, day two with 2449 and day three with 1135 blocked units,
were picked for comparison from the 2025 production data. The SKUs pro-
duced and their corresponding quantities were redistributed in a one-month
time interval with the restriction of having a low-risk level prediction. The
SKUs were redistributed to the days that are considered to be most suit-
able for them, according to the model inputs with a greedy approach. The
SKUs and their quantities that have not satisfied the prediction condition
were left unassigned and taken out of production. As a result:

e First day reduced to low risk with 383 units removed.
e Second day reduced to low risk with 513 units removed.

e Third day reduced to low risk with no units removed.

These results demonstrate the model’s effectiveness in reducing blockage
risk through production reallocation.

18.5.2 BOM-Based Man-Hour Prediction

In this section, normalized man-hour prediction (NMH) model’s benefits for
the company are going to be demonstrated. The aim is to show that NMH
is not only effective in estimating a SKU’s average time for production,
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but also very effective in demonstrating the results of configuration changes
applied.

The validation tests on the NMH model showcased high accuracy for
estimating a SKU’s labor requirements from its BOM structure. With this
high accuracy, the impact of new product configurations and engineering
(design) changes can be estimated reliably before entering mass production,
by the addition of the NMH predictions. The NMH model presents its
benefits by reducing the difference between the estimated and actual labor
costs, improving the conditions for financial planning and margin protection.
For the demonstration of these benefits, benchmark tests were conducted, by
choosing an existing product configuration as a baseline and comparing the
baseline with its modified versions. Benchmark tests confirm the model’s
responsiveness to structural changes:

e Packaging case: workload increased from 43.6063 to 43.9986 (+0.3922,
+0.90%).

e Water system case: workload decreased from 47.6929 to 47.5099
(-0.1831, -0.38%).

e Internal assembly case: workload increased from 72.6111 to 75.2140
(4+2.6029, +3.58%).

Extreme scenarios further validate non-linear behavior:
e Packaging upgrade: 69.5487 — 65.6709 (-3.8779, -5.58%)
e Housing upgrade: 43.8701 — 46.0641 (+2.1940, +5.00%)

A continuity test showed high sensitivity to small changes: predicted de-
crease -0.0177 hours, compared to actual -0.0149 hours (difference: 0.0028).
Overall, the model provides a reliable and interpretable tool for evaluating
design changes and their operational impact.

18.6 Deliverables

The decision support tool OptiCost has a simple, user-friendly user inter-
face. The screen area used efficiently while designing the user interface, as
it is considered as a scarce resource. On top of the screen, there is a naviga-
tion bar that allows user to navigate between tabs “Main Panel”, “Blockage
Analysis”, “Man-hour Analysis”, “Scenario Analysis”, and “Reports”. Each
tab has different functionality.
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Figure 18.1: Main panel

Main Panel: This tab provides user an overview of the system see
Appendix, Figure 18.1. It allows user to filter the analysis period,
in other words, user can filter the data to be used in the analysis.
Based on the filtered or non-filtered data; complexity score, total SKU
count, common part ratio, and unique part ratio are shown by small
cards that are located just below the filter options area. Below these
cards, there is an area for products that have the highest man-hour
requirements. At the end of the screen, 10 most risky parts are listed.

Blockage Analysis: According to the selected date, the blockage risk
is predicted in three categories (low, mid, high) by using this tab see
Appendix, Figure 18.2.. Also, the previous analyses are located at the
end of the screen so user can easily monitor them without conducting
the same analysis again.

Man-hour Analysis: By using this tab see Appendix, Figure 18.3,
the man-hour requirements for the new product configurations can
be predicted accurately. This might be very useful when a new SKU
added to the system.

Scenario Analysis: This tab see Appendix, Figure 18.4, allows user
to run simulations for selected production plans and selected BOM
files. As a result of the simulation, blockage risk for each day through-
out the time period that are covered by the production plan displayed.
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Figure 18.2: Blockage analysis panel

In case of a new SKU added to the system, this tab also shows the
predicted man-hour data to the user. At the end of the screen, there
is an area that allows user to save the scenario. Then, this saved
scenario can be displayed in the “Reports” tab.

e Reports: The saved scenarios that are created by using the “Sce-
nario Analysis” tab are listed in this tab. Also, user can download
these reports as Excel files for further analysis in Excel. Furthermore,
the user can download a comparison report which allows comparing
different scenarios easily. OptiCost works on the browser, so it does
not require any prior setup process.

18.7 Integration and Implementation

The transition of the OptiCost system from a developmental model to a
daily operational tool is structured through a phased implementation plan
to ensure seamless adoption by Beko’s complexity management team.

e Data Integration and Customization: The Python-based decision-
support dashboard is integrated with the factory’s existing Bill of
Materials (BOM) and historical production datasets. Structural met-
ric calculations (e.g., Common Part Ratio) are carefully calibrated to
align with the company’s internal reporting standards.

e User Testing and Documentation: The complexity management team
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Figure 18.3: Blockage analysis panel

conducts controlled usability testing to evaluate the interface and sce-
nario analysis features. Concurrently, a comprehensive User Manual
is developed to ensure the team can independently operate the tool
and accurately interpret the SHAP-based explanations.

e Controlled Pilot Study: To mitigate operational risk, initial deploy-
ment is conducted as a pilot study on a restricted, representative
subset of the product portfolio. Planners evaluate the baseline com-
plexity of this subset against alternative ”What-If” scenarios, such
as SKU elimination or increased part commonality, to validate the
model’s real-world accuracy.

e System Refinement and Handover: Feedback gathered during the pilot
execution directly informs iterative refinements to the scenario logic,
feature calculations, and dashboard UI. The fully validated system
and updated documentation are then officially handed over to the
company for continuous use.

18.8 Conclusion

The continuous proliferation of product variants and components poses a
significant challenge to modern manufacturing efficiency. This project suc-
cessfully fulfills the gap between structural product design and shop-floor
operational realities at the Beko Dishwasher Factory. By using machine
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Figure 18.4: Scenerio analysis panel

learning methods, OptiCost transforms system complexity from an unpre-
dictable operational burden into a quantifiable, manageable metric. With
its user-friendly and easy-to-use user interface, the decision support tool Op-
tiCost ensures that the company’s complexity management team possesses
a sustainable, repeatable tool for continuous analysis.
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Arac Atama ve Rotalama Karar 19

Destek Sistemi
Roketsan

‘ Proje Ekibi
) Irem Doga Demir, Alperen Ezber, Deniz Kutlu,
Oykii Su Mering, Tuna Oztiirk, M. Baha Sahingeri, Aras Tokath

Sirket Danigsmani Akademik Danigman
Bilgehan Biyikl Prof. Dr. Oya Karagan
Depo Birim Yoneticisi Endiistri Miithendisligi Boliimi

Ozet

Bu projede, Roketsan'in tesis ici lojistik operasyonlarinda teslimat gecik-
melerini azaltmak amaciyla arag atama, rotalama ve gorev ¢izelgeleme ka-
rarlarin1 destekleyen bir karar destek sistemi gelistirilmigtir. Problem c¢ok
depolu arag rotalama yapisi i¢inde ele alinmig, biiytik olgekli 6rneklerde uy-
gulanabilir ¢oziimler elde etmek igin Uyarlamali Biiyiitk Komsguluk Arama
sezgisel yontemi kullanilmigtir. Gelistirilen sistem, gilinliik rotalama plan-
lar1 tiretmenin yani sira filo biiytikliigii ile toplam gecikme arasindaki iligkiyi
degerlendirerek teslimat gecikmelerini azaltan daha diizenli bir tagima plan-
lamasini desteklemektedir.

Anahtar Sozciikler: Tesis ici lojistik, karar destek sistemi, arag rotalama,
¢ok depolu arag rotalama (MDVRP), Uyarlamali Biiyiikk Komguluk Arama,
Pareto siiri, gecikme enazlama
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A Decision Support System for Vehicle
Assignment and Routing in In-Plant
Material Transportation

Abstract

In this project, a decision support system was developed to support vehicle
assignment, routing, and task scheduling decisions in Roketsan’s intralogis-
tics operations with the aim of reducing delivery delays. The problem was
addressed within a multi-depot vehicle routing structure, and an Adaptive
Large Neighborhood Search heuristic was used to obtain feasible solutions
for large-scale instances. In addition to generating daily routing plans, the
developed system evaluates the relationship between fleet size and total
lateness, thereby supporting more structured transportation planning with
reduced delivery delays.

Keywords: Intralogistics, decision support system, vehicle routing, MD-
VRP, ALNS, Pareto frontier, delay minimization

19.1 Company Description

Roketsan was established on 14 June 1988, by a decision of the Defense In-
dustry Executive Committee with the aim of meeting the rocket and missile
needs of the Turkish Armed Forces (TSK) and establishing a leading insti-
tution in the design, development, and production of rockets and missiles in
the country. With over 5,000 employees as of 2025, Roketsan is one of the
largest companies operating in the defense industry. The company’s prod-
uct portfolio is grouped under land, air defense, naval, precision-guided,
space, ballistic production systems, and subsystems. Roketsan operates
under strict security and quality standards and has production processes
compliant with NATO standards, supported by certifications such as ISO
9001, AS9100, and AQAP-2110 (Roketsan, 2025).

19.2 System Analysis and Problem
19.2.1 System Analysis

Roketsan’s intralogistics system operates across the Elmadag and Lalahan
campuses, where raw materials, components, and semi-finished products are
transported between warehouses, production units, and testing facilities.
These operations include both inter-building and intra-campus movements
and play a critical role in maintaining production continuity. The system
handles a high volume of transportation requests with varying origins, des-
tinations, and urgency levels. Currently, these operations are carried out
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Figure 19.1: Current Process Flow of Material Transport

by a fleet that consists of forklifts, trucks, and commercial vehicles.

The current system does not include real-time vehicle tracking due to
strict security regulations, and transportation demand arrives dynamically
over time. As a result, the current system follows an operator-based pull
structure.

In this system, the transportation requests are generated through an
internal system and transferred to a central request pool. As illustrated in
Figure 19.1, operators access these requests via kiosks and independently
select tasks to execute. Routing and task selection decisions are therefore
made locally, without centralized planning. After completing a task, oper-
ators return to the kiosks and select new requests.

19.2.2 Problem Definition

The primary objective of the intralogistics system is to ensure timely deliv-
ery of materials while maintaining efficient utilization of available resources.
However, the current operational structure leads to several inefficiencies that
directly affect system performance. Routing and task selection decisions are
made locally by operators, which leads to locally efficient but globally sub-
optimal routes, increasing total travel time and overall system lateness.
Furthermore, transportation requests arrive intermittently and exhibit
variability over time. As shown in Figure 19.2, a significant portion of
transportation requests have very short time windows, with the majority
requiring completion within 0-2 hours. This indicates that the system
operates under high time pressure. Under these conditions, the current
operational structure leads to inefficient routing and resource utilization,
increasing total delivery delays. Therefore, the problem is defined as gener-
ating coordinated vehicle assignment, routing, and scheduling decisions that
minimize total lateness while satisfying Roketsan’s operational constraints.
To evaluate system performance, total delivery delay is considered as the
primary performance measure, along with the analysis of different fleet size
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scenarios. The system outputs consist of routing and scheduling plans and
a set of trade-off solutions presented as a Pareto frontier, allowing planners
to compare alternative fleet configurations and their impact on delays.

19.3 Proposed Solution Strategy
19.3.1 Critical Assumptions

The proposed model is based on a set of assumptions to represent the in-
tralogistics operations within Roketsan. Distances between all buildings, as
well as between the Elmadag and Lalahan campuses, are computed on the
internal road network using shortest paths. Corresponding travel times for
each vehicle type are assumed to be deterministic, and congestion effects
are neglected. Trucks and other commercial vehicles are allowed to use all
internal and inter-campus roads without restriction. Forklifts, on the other
hand, operate under specific constraints. While empty forklifts may move
freely, loaded forklifts are restricted from transporting loads over distances
exceeding 100 meters. In addition, forklifts are not allowed to travel directly
between the Elmadag and Lalahan campuses. Any long-distance reposition-
ing of forklifts is therefore assumed to be performed by loading them onto
trucks or other suitable carriers. Finally, the model developed within the
scope of this project is designed to be executed on a daily basis, generating
routing and scheduling plans within the required planning horizon.

19.3.2 Major Constraints

The constraints considered in the model are categorized into two main
groups: model-based constraints and company regulations. Model-based
constraints ensure the feasibility and consistency of routing and scheduling
decisions. These constraints include that each vehicle starts and ends its
route at a designated depot within the Elmadag or Lalahan campuses. Flow
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conservation constraints maintain route continuity, while each pickup—delivery
job is served exactly once by a single vehicle with precedence between pickup
and delivery. Vehicle capacity constraints are enforced, and handling times
are explicitly incorporated into routing decisions. In addition, the num-
ber of forklifts available for handling is limited by their prior allocation to
transportation tasks, ensuring that total resource usage does not exceed the
available fleet. Company regulations impose additional operational limita-
tions. Due to strict information security policies, technologies such as GPS
cannot be used, requiring planning without real-time connectivity (Buyikl,
2025). Vehicle movements must also comply with internal safety and regu-
lations, including restrictions on accessible areas and load types.

19.3.3 Objective

The proposed model’s objective is tominimize the total lateness of pickup—
delivery jobs in Roketsan’s intralogistics system, where lateness is defined
as the positive deviation of a job’s completion time from its due date. By fo-
cusing on lateness rather than travel distance, the model directly targets the
timely completion of transportation tasks critical for production continuity.
In addition, the model is solved under different fleet-size limits within an e-
constraint framework to capture the trade-off between delivery performance
and vehicle utilization (Mavrotas, 2009). The resulting transportation plan
is complemented by a second-stage model that aims to minimize the number
of forklifts deployed from the depot to satisfy local handling requirements.

19.3.4 The Conceptual Model

The proposed decision support system consists of two sequential optimiza-
tion modules based on deterministic demand data. For each planning hori-
zon, transportation requests, vehicle information, and network data are
converted into standardized job and distance matrices.

The transportation problem is formulated as a multi-depot vehicle rout-
ing problem (MDVRP) and solved using an e-constraint approach with an
ALNS-based heuristic. In this module, the system generates vehicle assign-
ment, routing, and scheduling decisions for transportation requests across
campuses. Alternative solutions are obtained under different fleet-size limits
to evaluate the trade-off between delivery performance and resource usage.
In the handling module, the resulting transportation plan is used to model
local handling operations at each campus. Based on the timing outputs, the
required forklift capacity is determined to support loading and unloading
activities.
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Figure 19.3: Flow Chart of the Conceptual Model
19.3.5 Mathematical Model

The transportation model is formulated as a mixed-integer linear program-
ming (MILP) model for a multi-depot vehicle routing problem defined on a
network representing both campuses. The mathematical model includes
sets, parameters, and decision variables that capture transportation re-
quests, vehicle types, travel times, and constraints. Each request is rep-
resented as a pickup—delivery job with associated release times, due dates,
loads, and handling durations. In the subsequent handling model, the tim-
ing outputs obtained from the transportation module are used to model
local handling operations. A separate MILP formulation is constructed for
each campus, where handling tasks are represented as time-dependent jobs.
This model determines the number of forklifts required to execute load-
ing and unloading operations within the given time windows. The detailed
formulations for each model, including sets, parameters, decision variables,
and constraints of both stages, are provided in Appendix 19.A and Ap-
pendix 19.B.

19.3.6 Heuristic Solution Approach

The first-stage problem is formulated as a multi-depot pickup—delivery MILP,
which is NP-hard. Since realistic daily instances are too large to be solved ef-
ficiently by exact methods, an Adaptive Large Neighborhood Search (ALNS)
heuristic is used to obtain high-quality solutions within practical computa-
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tion times (Ropke and Pisinger, 2006). ALNS is well suited to large-scale
and tightly constrained vehicle routing problems because it iteratively im-
proves a solution through destroy-repair steps while adaptively favoring the
operators that perform better over time. For a given fleet-size bound, the
algorithm first generates an initial feasible solution and then improves it
by removing and reinserting subsets of jobs in promising positions. The
objective of the heuristic is to minimize total lateness:

f(s) = Zmax{o, Cp(s) - DP}7

pEP

where s denotes a feasible routing solution, P is the set of transportation
jobs, Cp(s) is the completion time of job p under solution s, and D, is the
due date of job p. In other words, the heuristic evaluates each solution
according to the total delay of all jobs completed after their due dates.
A simulated annealing-based acceptance rule is used to allow controlled
diversification during the search process. The heuristic was tested against
the exact model on smaller instances and produced solutions with small
optimality gaps while preserving the expected trade-off between fleet size
and total lateness.

19.4 Validation

The validation stage aimed to assess whether the proposed framework pro-
vides a credible representation of Roketsan’s real intralogistics operations.
Although the overall solution structure was designed for a two-campus sys-
tem, validation was conducted only for the Elmadag campus due to data
availability limitations. In particular, the detailed inter-building distance
matrix for the Lalahan campus was not available, so the validation scope

Tardiness vs Fleet Size
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Figure 19.4: Pareto frontier and vehicle Gantt chart for the validation in-
stance dated 28.11.2025.
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was restricted to Elmadag. The validation experiments were carried out us-
ing real company data, including the Elmadag distance matrix and histor-
ical transportation requests recorded between October 2024 and December
2025. These records contained origin and destination building information,
request dates, due dates, and package quantities. In addition, the modeling
assumptions and parameter settings used in the study were reviewed and
confirmed with company representatives.

Three representative scenarios were analyzed under different fleet-size
bounds. The first scenario, based on 01.12.2025, included 97 jobs and
showed a clear reduction in total tardiness as fleet size increased. A re-run
interval of 2 hours was used, to oversee demand in 2-hour time intervals. For
this date, 18 forklifts satisfied all demand for an upper fleet size of 8. The
second scenario, representing a peak-load day on 28.11.2025 with 142 jobs,
exhibited the same pattern under heavier demand, confirming the model
maintains consistent performance under congested conditions; see Figure
19.4.

The third scenario, based on 29.11.2025 with 36 jobs, represented a low-
demand day and showed that beyond a certain fleet size, additional vehicles
did not yield meaningful improvement. In addition to tardiness results, the
generated routes and schedules were evaluated. The solutions followed co-
herent building sequences, avoided unnecessary back-and-forth movements,
and satisfied vehicle-type restrictions, pickup-delivery precedence, and de-
pot constraints. Overall, the validation findings supported the use of the
proposed system as a realistic and practically applicable decision support
tool.

19.5 Decision Support System Interface

A user-oriented interface was developed to support the practical use of the
decision support system. Through the interface, users can upload daily
operational data and define planning parameters such as fleet size and re-
run intervals. This allows users to review the transportation plan and use
the generated outputs in daily planning decisions. Example decision support
system screens can be seen in Figure 19.5. After the system is executed, the
outputs presented in the DSS to the company are the used vehicles, their
routes in the distance matrix, the Pareto chart of tardiness vs. fleet upper
bound, and the Gantt charts of both transportation vehicles and forklifts.

19.6 Implementation and On-Site Evaluation

The proposed decision support system was developed and demonstrated
with company input to assess its practical applicability in Roketsan’s intral-
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Figure 19.5: User Interface Screens of the Decision Support System

ogistics operations. Based on the evaluations conducted during the project,
the model, data preparation steps, and user interface were refined to improve
consistency and usability. The resulting system provides a structured tool
for daily routing and scheduling decisions. Its practical value is expected
to increase further as data integration improves and the company’s logis-
tics management system becomes more fully incorporated into the planning
process.

19.7 Benefits to the Company

The proposed decision support system provides measurable improvements
in Roketsan’s intralogistics performance, particularly in terms of total tar-
diness, which was selected as the main key performance indicator. Bench-
marking against the current system was conducted using historical daily
instances from December 2025, and the proposed framework was evaluated
under different fleet-size bounds. The resulting performance improvements,
expressed as percentage reductions in total tardiness compared to current
operations, are summarized in Table 19.1. The results indicate that the
proposed framework generates consistent operational gains under different
workload levels. The timespan of 12-22 December was used, since the days
indicated different demand levels on different weekdays. The highest im-
provement was observed on 13.12.2025, reaching up to 16.38%. This day
seperates from the others. The moderate results, closer to the average, are
observed on 16.12.2025, with the improvement of 6.893% and 18.12.2025,
with 6.896%. Across the selected timeline, the average improvement was
calculated as 6.769%, indicating a consistent reduction in tardiness under
different demand levels. In addition to reducing total tardiness, the sys-
tem enables planners to observe how performance varies with fleet size and
to identify capacity levels beyond which additional vehicles provide limited
marginal benefit. Therefore, the project contributes not only as a routing
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and scheduling tool, but also as a managerial decision support system for
evaluating resource utilization and service performance.

Date Weekday Number of Jobs B Lateness DSS Lateness Improvement (%)
12.12.2025 5 93 4 80865 75931 6.102
13.12.2025 6 9 1 7100 5937 16.38
15.12.2025 1 7 4 68372 62309 8.868
16.12.2025 2 115 4 109747.32  102182.65 6.893
17.12.2025 3 133 4 12427226 122724.00 1.246
18.12.2025 4 45 3 38216.35  35581.00 6.896
19.12.2025 5 79 4 68374.36  62806.66 8.143
20.12.2025 6 18 1 10865.04 10564.00 2.771
21.12.2025 7 8 1 59145 5553.8 6.099
22.12.2025 1 82 4 68568.18 65625.18 4.292
Average - - - - - 6.769

Table 19.1: Weekly tardiness and improvement rates

19.8 Conclusion and Recommendations

This project successfully addresses Roketsan’s need for a structured and
centralized decision support system in intralogistics operations, where rout-
ing and task assignment were previously performed in a decentralized and
operator-based manner. The proposed two-stage framework provides co-
ordinated vehicle assignment, routing, and scheduling decisions, directly
targeting the reduction of total tardiness, which was identified as the pri-
mary performance metric. Validation results based on real operational data
demonstrate that the system consistently achieves significant improvements,
with consistent reductions in total tardiness across different daily instances,
indicating that the project meets the organization’s expectations in improv-
ing service performance and operational efficiency. In addition, the ability
to evaluate fleet-size trade-offs through Pareto analysis supports managerial
decision-making beyond daily planning. For future work, it is recommended
to extend the on-site evaluation into a broader implementation phase based
on operational feedback. Extending the model to fully incorporate both
campuses, improving data integration processes, and exploring the use of
dynamic or real-time information—subject to security constraints—would
further enhance the applicability of the system. Overall, the proposed ap-
proach provides a scalable and practical solution that can support both
operational and strategic decision-making in intralogistics systems.
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Appendix: Mathematical Model
19.A First-Stage Model

Table 19.2: First-Stage Model Sets and Parameters

Notation Description

D ={ng,nr} Set of depots (Elmadag and Lalahan).
N Set of all nodes, where D C N.

P Set of pickup—delivery jobs.

Kr Set of trucks.

Kr Set of forklifts.

K =KprUKpg Set of all vehicles.

A>100 Set of arcs with distance greater than 100 meters.
C=N\D Set of customer nodes.

Op Pickup node of job p € P.

dy Delivery node of job p € P.

tij Travel time from node 7 to node j.

d;j Distance between nodes ¢ and j.

dp Load of job p € P.

Qrk Capacity of vehicle k € K.

Tp Release time of job p € P.

D, Due date of job p € P.

p pick Handling time for pickup of job p.

Op del Handling time for delivery of job p.

M Big-M constant.

B Fleet size bound used in the e-constraint method.

Decision Variables

o 2, € {0,1}: Equals 1 if vehicle k travels from node i to node j.
° yfjk € {0,1}: Equals 1 if job p is carried by vehicle k£ on arc (i, 7).

e T > 0: Arrival time of vehicle k£ at node 1.
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e (G > 0: Departure time of vehicle k£ from node 7.

e 2, € {0,1}: Vehicle usage indicator.

e L, > 0: Lateness of job p.

Objective Function

min

s.t.

> L

peP

Z%SB,

keK

ZZmdjk:zk VkEK,

deD jEN

ZZmidk:zk VkEK,

deDieN

Y wgp =Y wiax VdED VkeEK,
JEN iEN

{EiijZk Vi,jEN Vk € K,

Zzysz’jk:]' vpep’

keK jeEN

> D Yuu=1 WEP

k€K jEN

S wip =Y wur VieN VkeK,
JjeN JEN

yfjkgxijk Vpe P Vi,je N VkeK,
S b= vy YpeP VieC VkeK,

JEN JEN

S 4yl <Qu VijeN VkeK,

peP

Gik > Tik + Z p, pick Z Yo + Z Ap,del Z Y VieN VkeK,
pEP JEN peEP JEN
op=t dp=i

Tjik > G +tiy — M1 —z5,) VieN VjeC VkeK,

TokaTp—M(l—Zygpjk) Vpe P VkeK,
JEN
G < Dy + Ly+ M(1= D 4fy,) WeEP VkEK,
JEN

Tak > Goyp — M 1—Zy§pjk Vpe P VkeKkK,
JEN
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Zygpjkzzyfdpk Vpe P VkeK,

JEN ieEN

J#0p i7dp

> b =0 VY(i,j) € A7 Ve Kp,
peP

a:,'jk,yfjk,zk-e{O,l} VpeP Vi,je N VkekK,
Tik, Gik, Ly >0 Vie N Vke K VpeP.

19.B Second-Stage Model

Table 19.3: Second-Stage Model Sets and Parameters

(19.18)

(19.19)

(19.20)
(19.21)

Notation Description

J={1,...,n} Set of handling jobs obtained from the first-stage solution.

0
8i
fi
to;
A
M

Depot node.

Start time of job i € J.

Finish time of job i € J.

Travel time from job i to job j, Vi, j € J.
Travel time from depot to job i.

Set of feasible arcs, where A = {(4,j) € J x J | fi +tij < s;}.

Big-M constant.

Decision Variables

o z;; € {0,1}: Equals 1 if a forklift moves from job ¢ to job j.

o 1y € {0,1}: Equals 1 if a forklift starts its route with job .

e z;0 € {0,1}: Equals 1 if a forklift returns to the depot after job i.

e a; > 0: Arrival time at the location of job .

Objective

min E Zoi

icJ
s.t.

Zo; + Z :Cjiil Vi € J,
J:(J,i)€EA

X0 + Z ;quj:1 ViGJ,
j:(i,j)€A

S =Y

i€J ieJ
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a; <s; Vied,

aj > fi+tiy; — M(1—ai;) VY(i,j) € A,
a; > toizo; Vi € J,

zi; € {0,1} V(i,j) € A,

Zoi, Tio € {0,1} Vi€ J,

a; >0 Vied
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Toz Deterjan Paketleme Hatlarinda 20
Cizelgeleme lyilestirmesi

Unilever Ev ve Kisisel Bakim Uriinleri
Fabrikasi

Proje Ekibi
Betiil Aslan, Berfin Ceri, Zeynep Erva Dama, Gokhan Giilgakir,
Aziz Furkan Sogiitlii, Simay Sokmen, Egenaz Tunc¢demir

Sirket Danigmani Akademik Danigman
_ Bilgehan Tamkog Dog¢. Dr. Emre Nadar
Toz Uretim ve BiH TR Projesi Endiistri Mithendisligi Bolimii

Thirkiye Kidemli Miidiirii

Ozet

Fabrikanin toz deterjan paketleme siireci i¢in karar destek sistemi tasar-
lanmigtir. Sekiz paralel paketleme hath fabrikada, haftalik paketleme plan-
lamas1 uzman goriis yardimiyla yiirtiitiillmektedir. Bu ¢alismada, ayni stire-
cin sistematik bir ¢izelgeleme yaklagimiyla iyilestirilmesi hedeflenmistir. Iki
agamali sozliiksel model, oncelik kurallar1, hat bakim programlar1 ve hat
oncesi tretim kisitlarini gozeterek ilk agsamada sistemin tamamlanma stire-
sini, ikinci agamada hatlarin toplam tamamlanma siiresini azaltmay1 he-
deflemigtir. Coztim siirelerini makul diizeyde tutmak igin acgozlii sezgi-
sel yontem baslangi¢ ¢oziimiinii olusturmakta ve Tabu Arama algoritmasi
¢Oziimi iyilestirmek icin kullanilmaktadir. Karar destek sistemi hat tamam-
lanma siiresinde %2,42 oraninda, biitiin hatlarin toplam calisma siiresinde
%10,26 oraninda iyilegtirme saglamaktadir.

Anahtar Sozciikler: Paketleme, karar destek sistemi, paralel hat
cizelgelemesi, sozliiksel model, toplam paketleme stiresi, Tabu Arama
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Improving Packaging Line Scheduling for
Powder Detergents

Abstract

This project presents the design and implementation of a decision support
system (DSS) for the powder detergent packaging process at the Unilever
Konya Home Care Factory. The facility operates eight parallel lines pack-
ing various SKUs, and weekly packaging schedules are currently manually
generated based on expert judgment. This project aims to improve this pro-
cess through a systematic scheduling approach. The developed two-stage
lexicographic model aims to reduce the overall completion time (makespan)
in the first stage and improve the sum of line completion times in the sec-
ond stage, while incorporating priority rules, maintenance schedules, and
upstream production constraints. Considering the solution times required
for practical application, a hybrid heuristic approach is adopted, where a
greedy heuristic is used to construct the initial schedule and a Tabu Search
algorithm is employed for solution improvement. The proposed DSS yields
a 2.42% improvement in makespan and a 10.26% reduction in sum of line
completion times.

Keywords: Packaging, decision support system, parallel line scheduling,
lexicographic model, makespan, Tabu Search

20.1 System Analysis and Problem

The Unilever Konya Home Care Factory is the company’s largest powder
detergent production site in Europe, producing approximately 600,000 tons
per year and supplying 39 countries across Europe, the Middle East, and
Africa. The facility operates continuously on a 24/7 basis, with highly
automated lines and a small workforce mainly focused on maintenance,
changeovers, and quality control.

The powder detergent unit, accounting for over one-third of the factory’s
capacity, produces about 200,000 tons annually across 20 formulations cor-
responding to more than 60 SKUs. While production and post-processing
operate continuously, the packaging department is both the final stage and
the main bottleneck of the facility. Eight parallel packaging lines must
frequently switch between SKUs and formats, requiring cleaning and ad-
justments that can take 15 minutes to 6 hours. Consequently, the sequence
of SKUs directly affects line utilization, sum of line completion times and
overall factory throughput.

Currently, weekly packaging schedules are prepared manually based on
intermediate product levels, base powder availability, and SKU demand.
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These schedules rely heavily on expert judgment; consequently, they remain
largely static and difficult to adapt in the face of operational disruptions.
Limited real-time visibility of inventories further constrains scheduling flex-
ibility, often leading to manual adjustments and extended completion times
on the shop floor.

20.2 Proposed Solution Strategy

The company aims to minimize the total duration of weekly packaging oper-
ations by generating schedules that reduce line completion times. Historical
schedules were analyzed to characterize existing operational practices and
to inform the development of the mathematical model presented in Sec-
tion 20.2.2.

20.2.1 Critical Assumptions and Major Constraints

The problem setting assumes stable upstream supply, fixed weekly demand,
and predetermined base plans, with unforeseen disruptions—such as ma-
chine breakdowns or labor absences—managed by rerunning the DSS. The
scope encompasses eight packaging lines, each processing a single product
at a time and requiring cleaning and setup for changeovers. Key operational
constraints include limited simultaneous operations due to shared operators
and the requirement that priority products be completed early in the week.
The mathematical model in the following section is developed based on this
operational setting.

20.2.2 Mathematical Model

This subsection presents the lexicographic mixed-integer linear program-
ming (MILP) approach adopted for the weekly scheduling problem. The
problem is solved in two sequential stages using MILP formulations: Stage
1 balances the workload across lines by minimizing the makespan (C),4. ), en-
suring the shortest possible duration for the entire weekly production. Stage
2 then minimizes the sum of line completion times (3°,., C*) while using
the optimal makespan from Stage 1 as a strict upper bound. This hierarchi-
cal structure captures both operational efficiency and workload distribution
(Pinedo, 2022).

The model accounts for sequence-dependent changeovers and line ca-
pacities, and it enforces strict precedence for priority products, while the
remaining products are sequenced to optimize overall efficiency.

Notation (Common for Both Stages)
Sets: J: SKU orders; L: Production lines; Lgy,. C L: Synchronized
lines (Lines 2, 3); J; = J U {sy, fo}: Job set for line ¢; R: Priority jobs.
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Parameters:

pje - Processing time of job j on line ¢,

sije - Sequence-dependent changeover time (i — j) on line /,

L,
eip =
gt 0,
1
Ap=<X"
b

if job j is eligible for line ¢,

otherwise,

if line £ is available,

otherwise,

post-dose delay (base powder only),

machine delay (intermediate product available),

tower preparation delay (no material available).

 : Maximum completion time difference (Line 5 vs Line 6),

M : Sufficiently large constant (Big-M).
Decision Variables:

1, if job 7 is assigned to line /,
Lje = .
0, otherwise,

Stage 1: Minimizing the Makespan

Constraints:

Assignment Feasibility Constraints

leL

, if job j follows job ¢ on line ¢,
Yigt = {O, otherwise,
Lo { . if job i precedes job j (both on Lgy,.),
v 0, otherwise,
t; > 0 : Start time of job j,
c¢; > 0 : Completion time of job 7,
C* > 0 : Completion time of line ¢,

Chnax > 0 : Makespan (maximum line completion time).

xje < ejeAy,

ijé =1,

(Vi,j € J,i < j)

VieJ Vlel (20.1)



Flow Conservation and Sequencing with Dummy Nodes Constraints

Z Yije = Tje, VjeJ Vel (20.3)
ieJ\{j}
> e =0, VjieJ VleL (20.4)
keJ\{j}
> i =0, VieL (20.5)
i€Je\{s¢}
> ype=0, VieL (20.6)
JjeJo\{fe}
> e <1, VieL (20.7)
jeJ
Z’yim <1, Vle L (20.8)
ieJ

Priority Enforcement and Temporal Constraints

tiztj+pjg—M(2—fL'ig—lL’jg), Vi € R, VZEJ\R, VieL (209)
tj Z tl +ng -+ Sije — M(l — yijf)a VZ,] € J, 1 # j, Vle L (2010)
& th +pjg—M(1—$jg), VieJ Y elL (2011)

Synchronization and Inventory-Aware Constraints

t]ZCZ—M(]_—Z”)—M 2 — Z Tiv — Z Zje | Vl,]EJ,Z<j

EELsync eeLsync
(20.12)
t > 75— M(1 - Zyw), VieJ (20.13)
leL

Line Completion and Workload Balancing
Ct>cj— M(1—xy), VjeJ VleL (20.14)
§>C°—C° (20.15)
§>C° - (20.16)

Stock Control

> — M(1 . Zysm) VieJ (20.17)

leL

Makespan Bounding Constraint
Crnax > C, Vi e L (20.18)
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Scalability Analysis: Stage 1 vs Stage 2
Scheduling N Jobs on 3 Parallel Lines
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Figure 20.1: Scalability analysis of the MILP formulation on three parallel
lines using the Gurobi solver.

Stage 2: Minimizing the Sum of Line Completion Times

min Z c*
el
Additional Constraint: Alongside constraints 20.1-20.18, the follow-
ing constraint is introduced to utilize Stage 1 optimal solution as an upper
bound.

¢
C" < Chaxs

Ve e L

20.2.3 Heuristic Solution Method

As shown in Figure 20.1, solution times increase exponentially with the
number of jobs. Consequently, a hybrid heuristic framework is adopted
to generate high-quality schedules within practical time limits, ensuring
reliable decision support in dynamic operational settings.

The heuristic focuses on generating detailed sequencing and line assign-
ment decisions within a fixed weekly horizon, consistent with operational
planning requirements. The approach mirrors the two-stage structure of
the MILP by employing a constructive initialization phase followed by an
improvement phase utilizing Tabu Search.

Initialization Phase: An initial schedule is constructed using a greedy
heuristic: jobs are sorted by priority and assigned to eligible lines that
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Weekly demand, job pricrities, shift availability, residual jobs from the previous
week on lines, inventory levels, product-line compatibility, changeover times

User Input Module (Excel Interface) J

-

Processing time calculation, availability checks,

Data Processing & Feasibility Module
initial feasibility validation

Y
Hybrid Heuristic Scheduling Module

Greedy initialization

Tabu Search Phase 1: Minimize makespan

Tabu Search Phase 2: Minimize sum of line completion times

Line assignments with tonnage, detailed schedule output,
performance indicators (makespan, overtime, utilization)

( Output Module (Excel Reports) l

Figure 20.2: Conceptual Model Showing the Major Components, Inputs,
and Outputs of the Proposed Scheduling System

yield the earliest completion time. This process accounts for shift availabil-
ity, sequence-dependent changeovers, and inventory constraints, providing
a feasible starting point for the subsequent improvement phase.

Tabu Search Improvement Phase: Tabu Search is a robust meta-
heuristic widely used for complex scheduling problems due to its ability to
explore large solution spaces and escape local optima (Glover, 1989, 1990).
Starting from the initial solution, the algorithm explores neighboring sched-
ules through job relocations and swaps while maintaining feasibility. Tabu
memory structures are utilized to prevent cycling by restricting recently
visited moves.

Consistent with the MILP structure, the heuristic operates in two stages:
Stage 1 focuses on reducing the makespan (Ci,q,). Stage 2 primarily min-
imizes the sum of line completion times (}_,., C¢), using the best Stage 1
value as a reference. Unlike the MILP structure, this heuristic framework
allows the Stage 1 makespan to be further refined during the second stage
if a better solution is identified.

The solution is structured as a Lexicographic Heuristic that transforms
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Load Balancing Comparison: Stage 1 vs Stage 2
No Priority Jobs - All Lines Open
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Figure 20.3: Stage 1 and Stage 2 schedule comparison.

operational inputs into a feasible weekly schedule, as illustrated in Fig-
ure 20.2. Following initial data processing, the hybrid framework applies
the greedy initialization and the two-stage Tabu Search. The final output
is delivered via an Excel interface, providing detailed line assignments and
key performance indicators.

20.3 Solution Performance and Validation

The proposed scheduling framework was evaluated through both controlled
experiments and real production data to ensure correctness and practical
effectiveness.

Model Soundness: A verification phase was conducted to confirm the
logical integrity of the mathematical model and the heuristics, ensuring their
outputs aligned with expected theoretical behaviors. Synthetic instances
were used to verify that sequence-dependent changeovers, line eligibility
constraints, and priority rules were correctly enforced. The experiments
also indicated that the selected lexicographic structure, which prioritizes
Chax before > el C*, produced a more balanced workload distribution and
lower overtime than alternative objective orderings.

Solution Performance: Among the tested methods, Tabu Search was
selected for the improvement stage due to its stability and ability to gener-
ate high-quality solutions within short computation times. It consistently
produced feasible schedules with strong performance across different sce-
narios; see Figure 20.3 for comparison.

Validation with Real Data: The model was validated using historical
weekly production data. Existing plans were reconstructed under realistic
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Week Method Cmax ) C; Changeover ) OT Max OT

W37  Original 118.43 758.14 23.60 0.00 0.00
W37  Scheduler 111.40 631.70 25.42 0.00 0.00
W37  Improve (%) 5.9 16.7 -7.7 0.0 0.0
W38  Original 168.00 966.62 28.07 144.00 48.00
W38  Scheduler 168.00 697.01 37.75  48.00 48.00
W38  Improve (%) 0.0 27.9 -34.5 66.7 0.0
W39  Original 168.00 787.18 1725  67.44 48.00
W39  Scheduler 168.00 670.31 26.33  68.28 48.00
W39  Improve (%) 0.0 14.8 -52.6 -1.2 0.0
W40  Original 168.00 874.28 21.41 103.60 48.00
W40  Scheduler 116.68 760.79 26.58 0.00 0.00
W40 Improve (%) 305  13.0 241 100.0 100.0
W41  Original 157.91 754.99 16.25 74.26 37.91
W41  Scheduler 128.12 692.45 24.67 19.89 8.12
W41  Improve (%) 18.9 8.3 -51.8 73.2 78.6

Figure 20.4: Comparison of original and heuristic-generated schedules

conditions to enable a fair comparison, and the detailed week-by-week val-
idation results are presented in Figure 20.4. The comparison results show
consistent improvements in the sum of line completion times, along with
significant reductions in makespan and overtime in high-load weeks. In
some cases, overtime was completely eliminated. While changeover times
increased slightly, this reflects a controlled trade-off for improved overall
efficiency.
Overall, the approach produces operationally meaningful schedules, demon-

strating strong alignment with real production requirements and providing
effective decision support.

20.4 Implementation and Pilot Study

The development of the Decision Support System integrates multiple soft-
ware platforms to provide a practical and user-friendly planning tool. Python
serves as the main backend engine, where input data is processed and the
heuristics are executed. Microsoft Excel, supported by VBA, functions as
the main user interface and control panel. This structure allows planners to
enter weekly demand, raw material availability, and shift availabilities, and
to review the generated schedules in a familiar environment. In this way,
the system combines improvement capability with usability.

The system was evaluated under real operating conditions through par-
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Figure 20.5: 19-week 4, performance comparison (12/19 wins).

allel use alongside the factory’s existing manual planning process, following
Unilever’s approval and pilot launch on March 23. Conducted in coordina-
tion with company officials, this enabled comparison of outputs, assessment
of feasibility, and identification of adjustments required by real-world con-
ditions. The evaluation thus served not only as a performance check, but
also as an opportunity to improve the tool based on user feedback.

20.5 Benchmark and Benefits

To evaluate system performance before pilot implementation, the heuristic
was benchmarked against historical factory plans for 19 weeks. The re-
sults demonstrate consistent improvements. Specifically, the DSS achieved
a 2.42% average reduction in C,,.;, outperforming original plans in 12 out
of 19 weeks (Figure 20.5). Even more significant was the impact on sum of
line completion times, where the DSS resulted in a 10.26% average reduction
in Y, ,; C securing superior results in 18 out of 19 weeks (Figure 20.6).
On average, DSS achieved a reduction of 77 hours per week in the sum
of line completion times. When operational cost factors including energy
consumption, maintenance, and labor expenses are considered, the financial
impact of this optimization becomes quite significant. Based on the bench-
mark where a single 8 hour shift reduction translates to a 1,500 € gain, the
system provides a weekly saving of 14,437.50 €. Over a full 52 week pro-
duction cycle, the implementation of this decision support system results in
a total estimated annual profit increase of 750,750 €.

The successful implementation of this project provides Unilever with
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several operational and strategic benefits beyond increased profitability:

e Bottleneck Relief: By improving SKU sequencing and reducing the
makespan, the DSS directly relieves the main bottleneck in the powder
detergent packaging area. This improvement increases throughput
and expands the effective capacity of the entire system.

e Adaptive Planning Capability: The fast execution of the DSS en-
ables planners to rerun the system during the week, allowing for rapid
adaptation to disruptions such as machine breakdowns or material
delays.

e Workforce Flexibility: Beyond productivity gains, the significant
reduction in overtime provides planners with greater flexibility in nav-
igating legal labor regulations and weekend shift limits. This ensures
that schedules remain within compliance while reducing the opera-
tional pressure on both factory staff and management.

Beyond these direct gains, transitioning from manual planning to an
automated DSS establishes systematic consistency. This shift reduces the
risk of human error, improving both transparency and repeatability in the
planning process.

20.6 Conclusion

This project addresses a critical operational bottleneck at Unilever’s Konya
Home Care Factory, the largest powder detergent packaging site in Europe,
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by replacing expertise-based manual scheduling with a comprehensive DSS.

The framework utilizes a two-stage lexicographic mathematical model,
combining a greedy heuristic with a Tabu Search improvement phase. This
approach ensures that the solution is both theoretically grounded and com-
putationally efficient for real-time environments. To validate the system’s
performance, the heuristic was benchmarked against 19 weeks of historical
factory data. The scheduler outperformed the original manual plans in 12
of the 19 weeks for makespan (Chax) and in 18 of the 19 weeks for total
line completion times (>~,., C*), achieving average reductions of 2.42% and
10.26%, respectively. These improvements translate to a projected annual
profit increase of 750,750 €.

Beyond quantitative metrics, the system provides a level of structural
resilience unattainable through manual planning. Its mid-week rerun capa-
bility allows planners to adapt to line failures or urgent demand fluctuations
without restarting the scheduling process. The tool is delivered via a user-
friendly Excel interface backed by a modular Python engine, requiring no
specialized technical knowledge and allowing for future updates as factory
capabilities evolve.

Given the strategic significance of the Konya site within Unilever’s Euro-
pean network, optimizing packaging performance is vital for broader supply
chain reliability. By increasing the speed and predictability of packaging op-
erations, this system strengthens the facility’s responsiveness and reinforces
its position as a key production hub in Europe.
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Ar-Ge ve Ileri Analitik Direktorii Endiistri Miithendisligi Boliimt

Ozet
Bu proje, SCW.AI'nin Dijital Fabrikas: i¢in iligkisiz paralel makine plan-
lama problemine veri odakli bir ¢oziim Onererek, belirsiz, gercek zamanl
ortamlarda performansi iyilegtirmeyi amaclamaktadir. Mevcut sistem, gegis
siirelerindeki yiiksek degigkenlik, beklenmedik makine arizalari ve belirsiz
calisma hizlar1 gibi onemli aksakliklar1 ele almakta zorlanmakta ve bu da
planlama sapmalarina ve gecikmelere neden olmaktadir. Bu sorunu ¢ézmek
i¢in, veri tabanl saglamci bir planlama sistemi geligtirilmistir. Temel cikt1,
ariza siirelerini ve iglem stirelerini tahmin etmek ve ¢izelgeleme yapan bir

sistemdir.

Anahtar Sozciikler: Iligkisiz Paralel Makine Planlamasi, Saglam Plan-
lama, Makine Ogrenimi, Kogullu Risk Degeri

235



AT based Risk-Averse Production Scheduling
Abstract

This project proposes a data-driven solution to the unrelated parallel ma-
chine scheduling problem for SCW.AI’s Digital Factory, aiming to improve
performance in uncertain, real-time environments. The current system
struggles to handle significant disruptions, such as high variability in change-
over times, unexpected machine failures, and uncertain run speeds, which
cause schedule deviations and tardiness. To address this, we developed a
data-based robust scheduling system. The key deliverable is a standalone
Decision Support System that replaces the current system for estimating
downtimes and process times.

Keywords: Unrelated Parallel Machine Scheduling, Robust Scheduling,
Machine Learning, Conditional Value-at-Risk.

21.1 Company Description

Established in 2014 by Evren Ozkaya, Ph.D., SCW.AI began as a con-
sulting firm focused on supply chain strategies for regulated manufacturing
industries, particularly pharmaceuticals and food & beverage. To accelerate
digital transformation for manufacturers, the company launched its ” Digi-
tal Factory” platform in 2017. Experiencing rapid growth, SCW.AI became
an independent entity in 2022, specializing in delivering this platform via
a Software-as-a-Service (SaaS) model. Today, SCW.AI integrates advanced
artificial intelligence and analytics to help producers automate and optimize
complex decision-making tasks (SCW.AI, 2016b,a). Recognized globally as
a Gartner Cool Vendor in 2019 and operating as a certified R&D center,
SCW.AI has completed over 300 projects for more than 80 companies across
40 countries, driving technological advancement in the global production
sector.

21.2 System Analysis and Problem

SCW.AI currently utilizes the SCW.AI Scheduler, advanced cloud-based
platform primarily for pharmaceutical production planning. It features a
Gantt-chart-based interface that integrates live operational data to visualize
work orders, resource assignments, and machine statuses as in Figure 1. De-
spite its built-in rule-based algorithms, the generated schedules frequently
deviate from actual production realities. Discrepancy stems from the sys-
tem’s reliance on deterministic master data—such as fixed catalog speeds
and static setup times—which fails to account for the inherent stochasticity
of the shop floor. Four main sources of variability disrupt the schedules:
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e Variable Transition Times: Cleanup and setup durations fluctuate
based on shift changes and operator behavior.

e Sequence-Dependent Setups: Changeover times heavily depend
on the specific sequence of product families being processed.

e Unexpected Machine Breakdowns: Unplanned failures shift the
entire planning horizon, and the current system lacks the probabilistic
modeling to mitigate them proactively.

e Inconsistent Run Speeds: Machine speeds act as random variables
due to mechanical aging and environmental factors, rarely sustaining
ideal catalog speeds.

The combined effect of these factors creates systemic delays, reducing sched-
ule reliability. The fundamental problem is the absence of a robust, disruption-
aware scheduling mechanism capable of adapting to real-time uncertainties
and generating realistic, resilient production plans.

21.3 Proposed Solution Strategy

The proposed solution strategy aims to enhance overall system efficiency
and formally manage the stochasticity of the production environment. The
primary objective is to minimize the expected makespan while strictly pe-
nalizing risk, maintaining a risk-averse perspective that aligns with the real-
ities of pharmaceutical manufacturing. Ultimately, this approach provides
a robust, risk-managed schedule capable of serving customers before their
deadlines despite real-time disruptions.
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21.3.1 Ciritical Assumptions

The proposed scheduling model is built upon several foundational oper-
ational assumptions. First, work orders are considered indivisible, non-
preemptive tasks that require dedicated, uninterrupted setup and cleanup
cycles. Second, each production line can process only one order at a time.
Third, the scheduling framework operates on a continuous timeline, inten-
tionally smoothing over standard breaks or shift changes for continuous
mathematical modeling. Fourth, inventory holding costs for early comple-
tion are excluded from the objective function. Fifth, setup and cleanup
durations are strictly sequence-dependent. Finally, processing and transi-
tion times are modeled using normal statistical distributions, while expected
machine failures are forecasted leveraging historical data.

21.3.2 Solution Approach
Data Analysis and Parameter Estimation

To accurately mathematically model shop-floor realities, we transformed
raw activity logs into structured parameters. We analyzed extensive histor-
ical data to determine four critical inputs: production run times, sequence-
dependent setup and cleanup times, machine breakdown probabilities, and
downtimes.

To account for real-world fluctuations, we categorized the raw data into
uptimes, downtimes, setups, and cleanups. We then modeled work order run
times as normal distributions , calculating a specific mean and standard de-
viation for each unique machine-product combination. Sequence-dependent
transition times were similarly modeled. To address the inevitable gaps
in historical data, we utilized a transition matrix hierarchy: if an exact
product-to-product transition time was unavailable, we estimated the dura-
tion based on broader product family averages, or as a last resort, general
system averages.

Machine Breakdown Estimation

To eliminate the flawed, deterministic assumption of constant machine avail-
ability, we developed predictive machine learning models to estimate both
the probability and the severity of machine breakdowns. We engineered
features capturing "machine fatigue,” such as the exact time elapsed since
the last breakdown and rolling cumulative uptime metrics.

A Logistic Regression model was trained to predict the probability of
a breakdown occurring during a specific job, while a secondary Linear Re-
gression model estimates the expected downtime duration if that failure
actually occurs.
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Figure 21.2: Al Model Performance Measures

Crucially, these predictions are directly integrated into the scheduling
heuristic. By inflating the expected processing times for high-risk job as-
signments, the scheduler is forced to proactively assign larger time buffers
to fatigued machines, creating a robust schedule capable of absorbing un-
expected failures.

Stochastic Mathematical Model

To rigorously handle these uncertainties, we expanded our initial framework
into a Stochastic Mixed-Integer Linear Program (MILP) . The model en-
sures every work order is assigned to exactly one production line, maintains
a continuous sequence of jobs, and accurately tracks the total completion
time across all active machines.

The most critical addition is the Conditional Value-at-Risk (CVaR) com-
ponent. While standard deterministic optimization might suggest a schedule
taking 10 hours on average, it ignores rare but severe disruptions that could
push it to 20 hours. CVaR calculates the average completion time of the
absolute worst percentage of possible outcomes. By mathematically penal-
izing this tail risk in the objective function, the scheduler actively avoids
job sequences that are vulnerable to extreme delays (see Appendix A for
full mathematical formulation).

Heuristic Approach

The problem involving unrelated parallel machines scheduling with sequence-
dependent setup times is highly complex (NP-Hard) and practically impos-
sible to solve exactly for large-scale manufacturing environments within a
reasonable timeframe. Along with the stochastic breakdowns and process-
ing times, the computational burden becomes overwhelming.

Therefore, we utilize a meta-heuristic: Simulated Annealing (SA). This
approach intelligently searches through millions of possible schedules to find
a highly robust solution quickly. It uses a specific "neighborhood structure”
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with three primary moves: swapping two jobs between different machines,
swapping the sequence of two jobs on the same machine, or entirely reas-
signing a job.

e Initialization: The process begins with a baseline schedule derived
from mean job and changeover times. To ensure a high-quality start,
we utilize Google OR-Tools, a gold-medal winner in international
constraint programming competitions since 2013.

e Scenario Generation: To test true robustness, various realistic sce-
narios are generated, reflecting the unpredictable nature of machine
speeds, transition delays, and breakdowns modeled in previous steps.

e Iterative Search: The algorithm evaluates neighboring schedules
across these uncertain scenarios. If a new schedule reduces expected
completion time and risk, it is accepted immediately. To avoid getting
trapped in local optima, worse schedules may still be accepted based
on a probability tied to the current temperature.

e Cooling Schedule: The system’s temperature is systematically re-
duced. As it "cools,” the algorithm becomes increasingly restrictive
regarding worse schedules, eventually locking into the most robust
sequence discovered.

A profound component of our stochastic evaluation step is the deep inte-
gration of Clark’s Approximation. Typically, evaluating makespan under
uncertainty requires thousands of slow Monte Carlo simulations. However,
Clark’s Approximation provides a powerful analytical method to estimate
the mean and variance of the maximum of several normally distributed ran-
dom variables. By leveraging this technique, we are able to accomplish in
milliseconds through analytical calculations what would normally require
1,000 simulations for, achieving high-fidelity results without any loss in per-
formance.

Simulation Module

Process Times and Breakdown Generation: Because process times
are statistical distributions, the output is not a static list of fixed KPIs.
Instead, the module dynamically generates operational durations and dis-
ruptions. Job processing and changeover times are randomly generated
using NumPy’s normal distribution functions. Simultaneously, breakdowns
are randomly introduced via the outcomes of our regression models, expos-
ing the true combined impact of downtimes.

Visualisation: To help clients track stochastic schedules, a Gantt chart is
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provided that integrates run times, changeovers, and simulated breakdowns
simultaneously across different generated scenarios, allowing users to easily
view baseline schedules and isolate late jobs.
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Figure 21.3: KPI Histograms and Animated Gantt Chart

21.4 Validation

The validation process was designed to rigorously test whether the proposed
risk-averse scheduling algorithm practically outperforms the current oper-
ations under real-world uncertainty. Because directly testing experimental
schedules on a live pharmaceutical shop floor is not currently possible, we
conducted our validation using a high-fidelity stochastic simulation environ-
ment built exclusively upon historical factory data.

21.4.1 Validation of Simulation

We tested how accurate the simulation is by comparing the simulated ver-
sions of old schedules that were ran on the shop floor and the actual realiza-
tion of those schedules. We observed that the introduction of stochasticity
indeed decreases the difference between the actual result and the simulated
schedule. We observed that the actual makespan is always within the 95%
confidence interval of the generated simulated makespan.

Table 21.1: Validation for Simulation Results

Metric SCW Scheduler SCW Scheduler Simulation Actual
December Test 689.28 925.83 &+ 107.10 911.05
February Test 696.51 756.49 + 67.82 792.98
March Test 704.27 901.57 + 80.41 932.74

21.4.2 Measurement and Comparison Methodology

To establish a complete comparison, we evaluated the schedules based on
three primary Key Performance Indicators: Total Makespan, Average Chan-
geover per Line, and Cumulative Downtime. We measured and compared
four distinct scheduling states:
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e SCW Scheduler (Theoretical): The raw, deterministic output of
the company’s current planning system, assuming perfect, uninter-
rupted conditions.

e SCW Scheduler Simulation (Expected Reality): The current
system’s schedule evaluated through our stochastic simulation module
to reveal how it actually performs under stress.

e Actual Historical Realization: The exact metrics recorded on the
physical shop floor for the corresponding production period.

e Our Algorithm: The schedule generated by our Simulated Anneal-
ing heuristic, evaluated through the exact same simulation module.

By comparing the simulated performance of the current SCW Scheduler
against the Actual Historical Realization, we successfully validated our sim-
ulator; the simulated metrics closely tracked actual historical records, prov-
ing our environment is a highly accurate representation of true stochastic
behavior.

21.4.3 Results Analysis

The current SCW Scheduler projects an overly optimistic makespan that
collapses and extends significantly when subjected to simulated disruptions.
In contrast, our proposed algorithm successfully navigates these real-world
variations. By intelligently inserting time buffers and avoiding sequence
assignments on machines with high breakdown probabilities, our model
achieves a highly executable and robust schedule. It delivers a substantial
reduction in total production time compared to both the simulated baseline
of the current system and actual historical performance, optimizing setup
efficiency.

21.5 Integration and Implementation
21.5.1 Scheduler Platform

The Scheduler Platform provides a comprehensive, interactive graphical
user interface designed specifically for production planners. The primary
visualization component is a detailed Gantt chart, tracking production line
allocations (vertical axis) against production time in minutes (horizontal
axis). The interface is highly flexible, supporting multiple input methods:
users can upload raw operational data via Excel to generate new schedules,
or load pre-existing JSON and .txt files to reenact predetermined plans.
To manage interactions, a top-left toggle switches between two primary
states: ”Observe” mode for schedule review, and ”"Edit” mode for active

242



schedule manipulation. On the right-hand panel, the platform offers dy-
namic control over operational parameters. Planners can adjust objective
function settings based on risk tolerance: optimizing strictly for Expected
Makespan, strictly for tail-risk (CVaR), or a weighted combination using a
custom A parameter. Clicking ”Save Parameters” immediately reruns the
mathematical model, dynamically updating metrics like machine utilization
rates.

A distinctive feature is the ” Animated Gantt” visualization. By utilizing
playback controls, users observe the stochastic nature of manufacturing in
real-time. The system continuously regenerates schedule instances, drawing
job times from their statistical distributions. Planners can pause the ani-
mation to analyze specific realizations or document variations by selecting
”Generate GIF.”

Scheduler Playground

To deeply facilitate human-in-the-loop planning, ”Edit” mode acts as an
interactive Scheduler Playground. Planners are empowered to manually
override the algorithm by selecting any work order and dragging it into an
alternative, feasible position on the Gantt chart. The moment a manual
sequence change occurs, the underlying algorithm instantly rebuilds the vi-
sual charts and triggers a fresh simulation run. By empowering planners
to manually prioritize high-value orders for earlier production, our plat-
form instantly recalculates every KPI and makespan metric, transforming
subjective intuition into data-validated decision power.

21.6 Benefits to the Company

Our work provides a simulation module that can be used when deciding
the optimal scheduling approaches over a given past production data. The
company will be able to compare the actual makespan of the schedule which
is usually extended beyond what is deterministically computed due to un-
expected breakdowns and variable process and setup times. Currently, the
deterministic SCW Scheduler generates a stochasticity unaware makespan
of 689.28 hours. However, when subjected to real-world shop-floor realities
in our simulation module, the expected makespan balloons to 925.83 hours,
closely mirroring the actual historical realization of 911.05 hours which af-
firms the claim that the simulation module is valid.

Our algorithm replaces this fragile optimism with robust reliability. By
sequencing the jobs so that the realized schedule’s makespan decreases, our
model achieves a highly executable expected makespan of 714.45 hours.
This represents a massive reduction of over 200 hours compared to the
simulated (and realized) performance of the current SCW Scheduler. The

243



robust schedule increases the changeover times slightly, however the inten-
tional decreasing of the possible machine breakdowns more than make up
for the 8 hours of increase in changeover time and the total time is cut down
by more than 200 hours.

Furthermore, because the algorithm utilizes Clark’s Approximation, it
evaluates complex tail-risks in under a minute, allowing SCW.AI to offer
real-time rescheduling without incurring massive server compute costs. Cou-
pled with the interactive Scheduler Platform, SCW.AI provides a cutting-
edge tool that builds trust by transforming unpredictable manufacturing
environments into manageable, highly optimized operations.

Table 21.2: Pilot Study Results (Makespan)

Metric Actual SCW Scheduler Simulation Our Algorithm Percentage
Pilot Study 1 911.05 925.83 + 105.10 714.45 £+ 58.64 23%
Pilot Study 2 792.98 756.49 + 67.82 696 + 37.65 8%
Pilot Study 3  932.74 901.57 + 80.41 783 £ 42.65 12%

21.7 Conclusion

This project upgrades SCW.AI’s scheduling system to handle the stochas-
tic shop-floor realities. By combining machine learning with advanced opti-
mization algorithms, our risk-averse model manages shop-floor uncertainties
like sudden machine breakdowns and fluctuating transition times.

To make this complex approach practical for daily operations, the al-
gorithms are seamlessly integrated into an interactive Scheduler Platform
that allows production planners to easily visualize schedules, simulate dis-
ruptions, and manually adjust job sequences on the fly.

Rigorous benchmarking shows that this approach generates highly effi-
cient, executable production plans that significantly outperform the previ-
ous deterministic system. Ultimately, this framework equips SCW.AI with a
powerful, fast, and reliable enhancement for their Digital Factory, ensuring
manufacturers can confidently meet production deadlines despite everyday
operational challenges.

Bibliography

SCW.AT (2016a). About SCW.AI https://scw.ai/company/about-us/.
Accessed: 2025-10-20.

SCW.ATI (2016b). AI-Driven Scheduling Solution for Greater Resilience and
Profitability. https://scw.ai/product/scheduler/. Accessed: 2025-
10-20.

244


https://scw.ai/company/about-us/
https://scw.ai/product/scheduler/

Appendix: Stochastic Model

Sets and Parameters

J = Set of all jobs,
JO = Set of all nodes (jobs + dummy job 0)J0 = J U {0}

K = Set of machines

Variables

{1 if there is a transition from job j to job [ at machine k.
Tk =
0 o.w.

uji, : Order of job j at machine k

Additional sets, parameters and risk parameters
S={1,..., S} (set of scenarios)
t% = setup time from 7 to j in scenario s

pjr = processing time of job j on machine & in scenario s

g€ (0,1) (CVaR confidence level)
Scenario-independent variables:

i € {0,1} VieJo, le J\{j}, ke K
ujp € Z, 1 <wj <|J| Vjie J0o, ke K

Scenario-dependent variables:

7° >0 VseS (makespan in scenario s)
£ >0 VseS (CVaR excess variable)
heR (CVaR linearization)

Stochastic MILP with CVaR

' 18 ) 1 s
min E;T + A (h—l— G ;&) (21.1)
sto> > ay =1 VjeJ (21.2)

keK 1€ J0\{j}
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S omp— Y wu=0 VjeJo, ke K (21.3)
leJO\{j} jeJO\{}

W — ug, + |J e < |J|—1 Vijeld l#j, ke K
(21.4)
SO (B +pp)uu <T° VEe K, se€S  (21.5)
jeI0lEI\{j}
ugp = 1 VE el (21.6)
&>T°—h Vse S (21.7)
£& =0 VseS (21.8)
e € {0,1}, 1 <uy <|J| Vi, j, ks (21.9)
T°>0, &> 0 Vs (21.10)

Assignment Constraint (21.2): Each work order is performed by a
production line in the factory.

Flow Balance Constraint (21.3): it ensures the network solution
given to the problem has correct flow-balance values depending on
their respective demand and supply values.

MTZ Cycle Elimination Constraint (21.4): it eliminates any cy-
cles from forming in the network by hindering any triangles.

Makespan Constraint (21.5): it ensures that the total makespan
is always bounded below by all (consequently the maximum) of the
individual time elapsed for production in each line.

Initialization Constraint (21.6): it ensures that the model starts
ordering from index 0.

CVaR Linearization Constraints (21.7)-(21.1): they linearize the
Value at Risk constraints. The xjy,u;, decisions are here-and-now
(common for all scenarios), while 77, £, and the CVaR threshold ¢ are
scenario-linked / auxiliary.

Domain Constraint (21.9) - (21.10): they define the domain con-
straints.
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Dizin
Index

algorithm cut-off time, 173

adaptive large neighborhood
search, 214

apparent tardiness cost, 99

chebyshev distance, 160

clark’s approximation, 239

dijkstra’s, 59, 61

dynamic programming, 79

flow ratio heuristic, 123

heuristic, 102

load-slot placement
algorithm, 161

manhattan distance, 122

nearest neighbor, 125

product affinity, 122

rolling horizon, 174

sample average
approximation rolling
horizon, 79

simulated annealing, 239

spatio-temporal spine
framework, 6

tabu search, 18

tie-break swap, 123

constraint

administrative overhead, 54
capacity, 213

class zone matching, 123
conditional value-at-risk, 239
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cycle elimination, 239

due date, 102

food-cleaning separation, 122
labor law, 47

line assignment, 185
minimum order quantity, 186
pallet stability, 128
precedence, 102

processing time, 112
production capacity, 185
regulatory constraints, 26
time window, 112

data analysis

a/b testing, 10
accuracy, 40, 42

anova, 41

approval probability, 40
calibration, 152
clustering, 113
common part ratio, 199, 202
credit scoring, 146
cross validation, 115
cross-validation, 152
decision tree, 40
f1-score, 42

findeks score, 38

fraud detection, 146



hybrid logistic regression, 40, xgboost, 114

42
income prediction, 146 heuristic
k-means, 113 greedy heuristic, 224
k-means clustering, 162 tabu search, 229
linear regression, 238
logistic regression, 40, 41, 238 information system
machine learning, 238 mrp, 76
missing value handling, 148 sap, 76
outlier removal, 148 inventory
oversampling, 41 backorder, 78
paired t-test, 62 batch size, 78
precision, 42 build-ahead, 185
recall, 42 eurobox, 158
residual diagnostics half-eurobox, 158
heteroskedasticity test, 151 lead time, 77
normality test, 151 pipeline inventory, 78
variance inflation factor, warehouse, 47
151
retrospective analysis, 54 machine learning, 4, 38, 40, 134,
rmse, 152 138, 140, 141
t-test, 30 feature engineering, 151
lasso regression, 150
finance lightghm, 150
fixed-income securities, 67, 72 log-transformation, 148
illiquid, 68, 69, 72 random forest, 150
individual pension system, 26 xgboost, 7, 150
liquid, 69, 70 maintenance
nelson-siegel-svensson model, machine breakdown, 238
69 predictive maintenance, 4
private pension system, 67, 72 manufacturing
yield curve, 69 welding, 100
forecasting, 47 model
forecast, 111 Cr, 49
naive, 115 aggregate production
prophet, 114 planning, 187
rmse, 114 complexity score, 200
seasonal demand, 185 golden zone model, 122
seasonality, 42 intralogistics, 211
smape, 115 inventory planning, 186
uncertain demand, 185 ip, 47
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load sequencing mixed-integer
linear programming
(milp) model, 161

machine learning
classification, 200, 201

greedy assignment, 203

mathematical, 238, 243

mathematical model, 29

normalized man-hour
prediction model, 201

scenario tests, 204

partitioned knapsack model, 8

shap, 201

slotting model, 122

state transition, 87

stochastic, 187

stochastic milp, 239

two-stage, 213

two-stage stochastic
programming, 187

weighted arc orientation
model (waom), 58

winter-holt’s, 48

xgboost, 200

optimization, 4

customer experience, 133

expected protected demand, 8

generalized assignment, 122

gurobi, 61

heuristic, 79, 214, 239

highs, 81

lexicographic model, 224

makespan, 224

minimize lateness, 213

mixed-integer linear
programming, 225

multi-stage optimization, 122

normalized man-hour, 200

opensolver, 53, 81

operational efficiency, 161

pareto frontier, 212

pulp solver, 58

quadratic knapsack problem,
122

scipy, 29

sensitivity analysis, 29

store layout, 123

sum of line completion times,
224

travel distance minimization,
58

weighted tardiness, 15

problem, 199
assignment, 140
bottleneck, 224
bottlenecks, 58
complexity management, 199
demand uncertainty, 111
dynamic flexible job shop
scheduling, 99
hybrid flow shop, 14
lane direction configuration,
58
loan, 38, 43
negative real return, 27
storage assignment, 159
vehicle routing, 215
warehouse slotting, 121
production planning
bill of materials (bom), 58
hierarchical, 187
monthly inventory targets,
187
raw material ordering, 188
rolling horizon, 187
programming
integer, 171
mixed integer linear
programming, 188
mixed-integer, 214
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non-linear optimization, 29

sequencer milp model, 162

unload selection milp model,
162

scheduling

crane scheduling, 159

employees, 47

machine utilization, 20

overtime, 47

packaging line scheduling, 224

parallel machine scheduling,
224

routine scheduling, 134

unrelated parallel machines,
239

visit frequency, 58

workload balance, 139, 161

workload equity, 54

workload imbalance, 47

simulation, 240

arena, 61, 91
pallet-level picking, 125

software

autocad, 63

excel, 63, 76, 115, 230, 242

excel-based environment, 53

html/css, 177

interface, 231

json, 103

powercurve integration, 153

pyomo, 81

python, 15, 29, 58, 61, 80, 99,
164, 231, 242

r, 115

vba, 231
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supply chain
dispatch, 172
system, 199
first in first out (fifo), 162

internal logistics network, 57

multi-station, 100
pcb assembly, 14
product configurations, 199

term
backlog, 186
batching, 16
cancellation risk, 190
critical backlog, 186
deviation, 172
dwell time, 172
fashion industry, 111
free window, 174
frozen window, 174
makespan, 241
omni-channel, 111
on-time delivery, 20
overtime, 190
reflow oven, 14
regional fragmentation, 172
scenario generation, 188

sequence-dependent setup, 15

smt placement, 14

work order, 172
transportation

agv, 57

as/rs, 158

average travel time, 62

material flow, 57

material stock code (msc),
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